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ABSTRACT 
Solute transport properties are required to evaluate the risk of contaminating ground 
water with agricultural chemicals under a wide variety of crop and soil management 
practices. Most solute transport measurement techniques are tedious and lead to extensive 
soil excavation. Two experiments were performed to evaluate whether surface transport 
properties determined by a non-destructive time domain reflectometry (TDR) technique 
could be used to accurately predict subsurface leaching. TDR probes installed in the surface 
2-cm of soil were used to determine resident solute concentration from measured soil surface 
soil bulk electrical conductivity. Resident concentrations were analyzed with a one-
dimensional (1-D) solute transport model in order to determine the surface solute transport 
properties. The surface measurements technique was first tested in a greenhouse soil. Surface 
dispersivities (1.02 cm) determined by the TDR method were similar to the 30-cm subsurface 
dispersivities (1.28 cm). The surface solute transport properties were used to predict the 
chemical concentration distributions within the 30-cm soil layer, and it was found that the 
centers of mass from predicted and observed subsurface chemical distributions were similar. 
Further testing of the TDR technique was done in a strip-cropped tile-drained field. 
The plant-row and interrow zones significantly affected surface and soil profile (120-cm) 
dispersivities. The soil profile dispersivity (2.68 cm) was larger and more variable than the 
surface dispersivity (0.91 cm) indicating greater heterogeneity of flow within the soil profile 
than at the surface. The large soil profile dispersivity indicated that multidimensional flow 
and lateral spreading occurred in the soil profile. In order to evaluate solute transport in the 
soil profile, a 1-D convective lognormal transfer (CLT) function model and a 2-D model 
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(CLT combined with exponential model) were used to make tile flux predictions. Surface 
transport properties combined with the 2-D model predicted the tile flux concentrations more 
accurately (root mean square error, RMSE = 0.023) than the 1-D CLT model (RMSE = 
0.123). TDR is a promising tool for determining surface solute transport properties. In this 
field soil, surface solute transport properties can be combined with a 2-D solute transport 
model for accurate prediction of tile flux concentrations. 
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CHAPTER 1. GENERAL INTRODUCTION 
The understanding of nuttient and pesticide transport from agricultural lands into 
ground and surface water is crucial for improvement of agricultural management practices. 
Preferential flow has been reported to be one of the major pathways of chemical loss. 
Contamination risks of surface water receiving drainage from tile-drained fields are 
intensified with the occurrence of preferential flow. In a field study, Kohler et al. (2003) 
reported that 73% of applied bromide (Br) leached via preferential flow and was exported 
away from the site through tile drains. Everts et al. (1989) detected both non-adsorbing Br 
and adsorbing rhodamine (WT) dye tracer in a tile drain within the first 4 h after the initiation 
of irrigation. Kladivko et al. (1991,1999), Kung et al. (2000a, 2000b), and Jaynes et al. 
(2001) found early breakthrough of pesticides as well as Br in tile drains following 1-2 cm of 
water application. In order to better understand the areas prone to chemical leaching due to 
preferential flow, knowledge of spatio-temporal variation in solute transport properties of soil 
is needed. 
Successful prediction of the fate and transport of solutes in subsurface soil hinges on 
the availability of accurate transport parameters. Most methods available for measuring 
chemical transport properties in the field are time consuming and often result in extensive 
soil disturbance. Moreover, it is difficult and expensive to measure subsurface chemical 
transport and transport properties required for extrapolating beyond limited observations. 
Several numerical and analytical solute transport models are available for predicting 
chemical leaching, yet testing of the models in heterogeneous soil is limited due to a lack of 
observations. 
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Most of the measurement techniques for quantifying movement of chemicals either involve 
soil excavation or are limited to lysimeters and/or undisturbed soil columns. Since it is rarely 
feasible to conduct large-scale solute transport experiments through the soil profile, there is a 
need to develop a technique with minimal labor and soil disturbance that allows accurate 
prediction of subsurface solute leaching. One possible approach is to combine surface solute 
transport measurements with a solute transport model to predict the subsurface leaching of 
chemicals. The following sections discuss the literature reviews for surface solute transport 
measurement techniques, surface and subsurface transport properties in row-cropped fields, 
and prediction models for surface and subsurface leaching. 
Surface Solute Transport Properties Measurement 
Time domain reflectometry (TDR) is a tool that can be used to obtain solute transport 
data (Kachanoski et al., 1992; Mallants et al., 1994; Vanclooster et al., 1995; Ward et al., 
1995). It is a method that enables nondestructive repeated sampling at specific depths in soil. 
TDR rods can be installed horizontally or vertically in order to obtain data to evaluate solute 
transport models in heterogeneous soils. Horizontal positioning of TDR probes enables the 
sampling of a relatively large soil volume perpendicular to vertical flow. This is useful for 
estimating solute fluxes in undisturbed field soils that exhibit small-scale heterogeneities due 
to the presence of macropores, immobile water regions or zones of low-permeability 
(Mallants et al., 1996). However, it is not feasible to install horizontal probes at deep soil 
depths. Studies which used horizontal probes were either limited to lysimeters or were 
preceded by extensive digging of soil trenches around the sites (Ward et al., 1995; 
Vanclooster et al., 1995; Mallants et al., 1996; Vanderborght et al., 2000). Digging to gain 
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access for probe installations causes unwanted disturbance to the measurement sites. There 
exists a need to develop a technique for determining subsurface chemical transport with 
minimal labor and soil disturbance. 
Vertically installed TDR probes provide a way to obtain data for various soil layers 
without causing major soil disturbance. However, a major limitation in using vertically 
installed TDR probes to study solute transport is the need for soil or layer specific calibration 
equations that relate signal attenuation to the resident concentration of an ionic tracer 
(Mallants et al., 1996; Vogeler et al., 1997). In order to simplify the calibration of TDR 
probes, Mallants et al. (1996) recommended using the most accurate and feasible 
measurements of TDR breakthrough curves obtained from the surface 5 cm layer of soil 
where it was possible to reach equilibrium with a step input of tracer in a reasonable time. 
Deeper depths may require an inordinate amount of tracer solution and time to ensure proper 
equilibrium. As a result, Lee et al. (2000, 2002) installed TDR probes diagonally from the 
surface to 2-cm of undisturbed soil columns and measured change in soil EC following a step 
input of tracer solution. They determined the surface solute transport properties of 
undisturbed soil in columns. 
Al-Jabri (2001) and Al-Jabri et al. (2002) introduced a dripper-TDR setup for in situ 
measurements of solute transport properties in the field. This setup uses a dripper irrigation 
system as a point source of water or solute at multiple locations. The TDR probes installed in 
ponded area beneath each dripper provides the measurement of solute transport properties of 
shallow soil in situ at multiple locations at the same time with minimal disturbance. The 
surface solute transport properties measured by dripper TDR setup are presented in Chapter 
1. 
4 
Surface and Subsurface Solute Transport Properties 
In cropped fields, the spatio-temporal variations of solute transport pose challenges 
for modelers under a complex system of heterogeneous soils and plants. Modeling solute 
transport in such a heterogeneous system requires detailed knowledge of temporal and spatial 
changes of solute transport properties. The spatio-temporal variation in solute transport in 
cropped field soil is largely caused by soil, agronomic, and biotic factors, which may vary in 
space and time. These factors directly influence the soil macropore distribution that is 
important for root growth and water and nutrient movement. It is envisaged that more than 
70% of water infiltration can move through macropores (Watson and Luxmoore, 1986; 
Wilson and Luxmoore, 1988). 
Some of the major factors that affect solute transport are soil type, topography, tillage 
practices, and wheel traffic. For instance, wheel traffic reduced macroporosity due to 
compaction and resulted in less infiltration in wheel traffic interrow than in non-traffic 
interrows (Ankeny et al., 1990). Although the effect of traffic has been reported on 
infiltration and hydraulic conductivity, not much information is available on the effect of 
traffic on solute transport (Ankeny et al., 1990; Vervoort et al., 2001). Another soil factor 
that may affect solute leaching is surface roughness introduced by plant-rows and interrows. 
In row crops, the ridging or hilling may shed water away from the plant-row zones, which 
can cause greater infiltration and leaching in interrow zones (Saffigna et al., 1976). 
Furthermore, during rainfall or sprinkled water application, the ponding in interrows and no-
ponding in plant-rows can affect infiltration and solute leaching (Ghodrati and Jury, 1990). 
Some of the solute infiltrating in interrow zones may spread laterally with water to the 
adjacent plant-row zones due to lateral gradients. 
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The biotic plant factors that influence the solute transport include living and dead 
roots and plant-canopy. Plants, by virtue of their roots play an important role in determining 
the magnitude, and even the direction of field soil water flow and solute transport. Plant root 
growth initially may decrease infiltration rates, but decomposition of roots leaves channels or 
macropores, which result in increased infiltration rates (Meek et al., 1989). Fescue roots can 
loosen the soil and increase hydraulic conductivity (Shirmohammadi and Skaggs, 1981). 
Gish and Jury (1982) reported that plant roots altered the nature of the porous medium and 
caused water and solutes to move through only part (65-86%) of the wetted pore space. 
The soil management zones in row cropped fields basically include plant-row, non-
traffic interrow, and traffic interrows zones. The zones are subjected to a combination of 
various soil and biotic factors. Hydraulic property measurements suggest that the soil factors 
such as trafficking and row-interrow zones affect the soil water infiltration (Meek et al., 
1989; Starr, 1990, Ankeny et al., 1990; Mohanty et al. 1994; Vervoort et al., 2001). 
Furthermore, Paltineanu and Starr (2000) investigated the soil water dynamics at different 
depths under different soil management positions, and reported the variation in the effect of 
soil management zones on soil water flow with depth. Blanco-Canqui et al. (2004) observed 
the effect of crops on saturated hydraulic conductivity in different soil management zones. 
Similarly, the effect of crops and row-interrow zones were observed on solute leaching 
(Timlin et al., 1992). The subsurface infiltration and subsurface solute leaching behavior in 
soil management zones were probably influenced by the plant root distribution or lateral flow 
(Kung, 1990; Timlin et al., 1992). It is not known whether surface soil factors or the biotic 
factors have more effects on leaching in row-cropped fields. Additional knowledge of the 
relative differences in surface and subsurface solute leaching in different management zones 
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will help to improve an understanding of the implications of certain management practices. 
There is a need to study the surface and solute transport properties under different soil 
management zones and identify the zones more prone to leaching in row-cropped fields. 
The integration of data in order to describe the field scale solute transport depends on 
the assumption of stationary and ergodicity. White et al. (1986) observed stationary (no 
temporal or spatial variation) in the probability distribution function of travel times for 
surface applied Br moving to a single drain in a clay loam soil. In a tile-drained field, Jury 
and Roth (1990) suggested the area-averaged concentrations considering soil as a well-mixed 
system. On the other hand, White et al. (2003) suggested the statistical average of the solute 
travel moments as a better measure to determine the field-scale properties. 
Schulin et al. (1987) found that the average local-scale pore water velocity, V agreed 
well with the field-scale V, but the differences between average local-scale and field-scale 
dispersivities (A) were rather large. In contrast, Jacques et al. (1997) found greater difference 
between the local-scale and field-scale solute transport properties near the surface than at 
deeper depths in unsaturated loamy soil. These different findings can be explained by the 
imposed boundary conditions. If solute transport is measured under ponding condition, the 
large differences between local and field-scale A were found (Destouni et al., 1994). Without 
ponding, local-scale A was close to the field-scale A and a deterministic approach may be 
adequate (Gupte et al., 1996). We determined both local-scale and field-scale solute transport 
properties in Chapters 3 and 4. 
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Prediction Models 
Several solute transport modeling approaches have been developed. Amongst the 
most commonly used is the convective-dispersive equation (CDE) (Parker and van 
Genuchten, 1984). This equation is based on solute transport in a homogeneous medium with 
complete mixing of the solutes. Even though the basic criteria of this model are rarely met in 
most field soils, the CDE model has been successfully applied at both the column scale 
(Wierenga and Van Genuchten, 1989) and field scale (Biggar and Nielsen, 1976). Although 
homogeneous soils are more likely to allow complete mixing, the CDE model has also been 
successfully applied to some heterogeneous field soils (Roth et al., 1991). 
Experimentally measured breakthrough curves and profile concentration distributions 
often exhibit asymmetries and tailing that are not consistent with the CDE. A variety of 
mechanisms may cause actual transport to differ from that predicted by the CDE, including 
nonlinear sorption, immobile water, and the presence of soil chemical and physical 
heterogeneities. The models with these transport mechanisms are called nonequilibrium 
transport models. 
Physical nonequilibrium arises when macroscopic heterogeneities exist in the flow 
field. Heterogeneities are common in structured soils. The two domain nonequilibrium 
mobile-immobile (MIM) solute transport model was developed by Coats and Smith (1964), 
and van Genuchten and Wierenga (1976, 1977). The MIM model divides soil water (0) into 
two domains: a mobile water domain (6m) where water and chemicals move with mean pore 
velocity (Vm), and an immobile water domain (d,m) where water is stagnant and chemicals 
move by diffusion only. Dispersion of chemicals takes place in the mobile domain and is 
similar to that in the CDE. The water in the immobile domain is connected to water in the 
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mobile domain and allows for chemical diffusion between the two domains. The MIM model 
has been successful in describing numerous column experiments and explaining tailing on 
breakthrough curves (Nielsen et al., 1986). Lee et al. (2002) determined one set of MIM 
solute transport properties from surface TDR measurements and a second set of MIM 
properties from the effluent data. They found similar surface and column transport properties. 
Furthermore, they were able to use the MIM transport parameters derived from the TDR 
surface measurements to accurately predict the column effluent concentrations. One-
dimensional flow was used in the Lee et al. (2002) column studies, and it is not clear whether 
similar TDR measurements can be used to accurately determine the surface solute transport 
properties under two-or three-dimensional flow conditions. Further testing of Lee et al. 
(2002) surface TDR method for determining solute transport properties is warranted. 
The CDE and MIM models do not account for change in dispersivity with depth and 
sometimes fail to explain the tailing of breakthrough curves and heterogeneity in flow. In 
order to address the complexity of solute transport in heterogeneous soils, Jury et al. (1982) 
introduced a stochastic CLT model that is based on the hypothesis that solute travel times 
spread out at a rate proportional to the square of the distance from the input boundary as 
opposed to CDE, or MIM models where rate of spreading is proportional to the first power of 
distance. Butters and Jury (1989) reported that the CLT model parameters calibrated for flux 
concentrations in solution samplers installed at 0.3 m were able to provide better predictions 
of flux concentrations at a depth of 3 m in the field than that of the deterministic CDE. For 
some field conditions, the CLT model may provide better predictions at deeper depths in the 
field than the CDE or MIM models. The CLT model has been successfully curve fitted to the 
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tile drain flux concentrations (Heng et al., 1994; Mageson et al., 1994, Heng and White, 
1996). 
Utermann et al. (1990) introduced a bimodal gamma distribution model in order to 
predict pesticide leaching to tile drains. They divided solute transport from the surface to the 
tile drain into two parts: travel time from the surface to the water table and from points of 
entry at the water table to the tile drain. The travel time from surface to tile drain was 
determined by convoluting two gamma distribution functions representing travel time 
distribution in unsaturated and saturated zones. Presently, it is not known whether a one 
dimensional model alone can accurately simulate tile drain flux concentrations by using 
surface resident concentration measurements or if the 1-D model needs to be combined with 
another model (for saturated zone) in order to account for two dimensional flow to the tile 
drains. Further research is needed to determine how to apply transfer function models to 
chemical transport in tile drained field. 
Objectives 
The major objectives of our study were: 
• To determine surface solute transport properties by using TDR. 
• To evaluate whether surface TDR measurements can be used to accurately 
predict the subsurface solute leaching in a greenhouse soil pit. 
• To determine field soil surface and subsurface transport properties in row and 
interrow zones. 
• To utilize surface TDR measurements with a CLT model to predict solute flux 
concentrations in a tile drain. 
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The first objective included surface TDR measurement in greenhouse as well as in a 
tile-drained field. The second objective was performed in a greenhouse soil pit, which is 
presented in Chapter 2. The greenhouse experiment was performed in a soil pit containing 
disturbed soil, which was used as a step towards evaluating and refining this method for 
application in undisturbed field soil. Subsequently, the third and fourth objectives were 
evaluated in a tile-drained field under strip-cropping system and are presented in Chapters 3 
and 4, respectively. 
Dissertation Organization 
This dissertation is organized in three journal papers, each presented as a separate 
chapter. The first paper, presented in Chapter 2, is about using surface time domain 
reflectometry measurements to estimate subsurface chemical movement in a greenhouse soil 
pit. The second paper (Chapter 3) describes the surface and subsurface solute transport 
properties in row and interrow zones. The third paper (Chapter 4) presents the application of 
surface-TDR measurements to model tile flux concentrations. All three chapters are preceded 
by a general introduction and are followed by a general summary and conclusions. 
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CHAPTER 2. USING SURFACE TIME DOMAIN REFLECTOMETRY 
MEASUREMENTS TO ESTIMATE SUBSURFACE CHEMICAL MOVEMENT 
A paper published in the Vadose Zone Journal1 
Anju Gaur2,3, Robert Horton2, Dan B. Jaynes2, Jaehoon Lee2, and Salem A. Al-Jabri2 
ABSTRACT 
Chemicals that leach through soil pose threats to surface and ground water quality. It is 
difficult and expensive to measure subsurface chemical transport and the transport properties 
required for extrapolating predictions beyond limited observations. The objective of our 
study was to evaluate whether solute transport properties measured at the soil surface could 
be used to predict subsurface chemical movement. The study was conducted in a greenhouse 
soil pit. The solute transport properties of the surface 2-cm soil layer were determined by 
using time domain reflectometry, TDR, to measure the bulk electrical conductivity during a 
step application of calcium chloride solution. The movement of chemicals in the subsurface 
was measured within the top 30 cm of soil layer following a pulse input of calcium chloride 
solution. A comparison of the measured chemical transport properties in the surface and 
subsurface zones of the soil showed that the parameters were similar. Furthermore, the 
estimated parameters determined by the surface TDR method were used to predict the 
chemical concentration distributions within the 30-cm soil layer, and it was found that the 
1 Reprinted with permission of Vadose Zone Journal. 2003. 2:539-543. 
2 A. Gaur and R. Horton, Dep. of Agronomy, Iowa State Univ., Ames, IA 50011; D. Jaynes, USDA-ARS, 
National Soil Tilth Lab., 2150 Pammel Dr., Ames, IA 50011; J. Lee. Biosystems Engineering and 
Environmental Science Department, Univ. of Tennessee, Knoxville, TN 37996; S.A. Al-Jabri, Dept. of Soil and 
Water Sciences, Sultan Qaboos Univ. Muscat, Sultanate of Oman. This journal paper of the Iowa Agric. and 
Home Econ. Exp. Stn., Ames, IA; Project No. 3287, was supported by CSREES USD A, NRICGP Soils and 
Soils Biology Program award no. 2001-35107-09938 and by Hatch Act and State of Iowa funds. Received 14 
March 2003. 
3 Corresponding author (anjugaur@iastate.edu). 
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centers of mass of predicted chemical distributions were not significantly different from the 
measured ones. Therefore, the surface TDR measurements could be used to successfully 
predict subsurface chemical transport within the upper 30 cm of the soil. This surface 
measurement technique is a promising tool for vadose zone chemical transport studies. 
INTRODUCTION 
Successful prediction of the fate and transport of solutes in the subsurface hinges on 
the availability of accurate transport parameters. Most methods available for measuring 
chemical transport properties in the field are time consuming and often reshlt in extensive 
soil disturbance. Moreover, it is difficult and expensive to measure subsurface chemical 
transport and transport properties required for extrapolating beyond limited observations. 
Several numerical and analytical solute transport models are available for predicting 
chemical leaching, yet testing of the models in heterogeneous soil is limited due to a lack of 
observations. 
Time domain reflectometry (TDR) is a tool that can be used to obtain solute transport 
data (Kachanoski et al. 1992; Mallants et al. 1994; Vanclooster et al., 1995; Ward et al., 
1995). It is a method that enables nondestructive repeated sampling at specific depths in soil. 
TDR rods can be installed horizontally or vertically in order to obtain data to evaluate solute 
transport models in heterogeneous soils. Horizontal positioning of TDR probes enables the 
sampling of a relatively large soil volume perpendicular to vertical flow. This is useful for 
estimating solute fluxes in undisturbed field soils that exhibit small scale heterogeneities due 
to the presence of macropores, immobile water regions or zones of low-permeability 
(Mallants et al. 1996). However, it is not feasible to install horizontal probes at deep soil 
depths. Studies, which used horizontal probes were either limited to lysimeters or were 
preceded by extensive digging of soil trenches around the sites (Ward et al., 1995; 
Vanclooster et al., 1995; Mallants et al., 1996; Vanderborght et al., 2000). Digging to gain 
access for probe installations causes unwanted disturbance to the measurement sites. There 
exists a need to develop a technique for determining subsurface chemical transport with 
minimal labor and soil disturbance. 
Vertically installed TDR probes provide a way to obtain data for various soil layers 
without causing major soil disturbance. However, a major limitation in using vertically 
installed TDR probes to study solute transport is the need for soil or layer specific calibration 
equations that relate signal attenuation to the resident concentration of an ionic tracer 
(Mallants et al., 1996; Vogeler et al., 1997). In order to simplify the calibration of TDR 
probes, Mallants et al. (1996) recommended using the most accurate and feasible 
measurements of TDR breakthrough curves obtained from the surface 5 cm layer of soil 
where it was possible to reach equilibrium with a step input of tracer in a reasonable time. 
Deeper depths may require an inordinate amount of tracer solution and time to ensure proper 
equilibrium. 
Lee et al. (2000, 2002) measured bulk electrical conductivity during a step input of 
tracer solution with TDR probes installed diagonally into the surface 2-cm of 20-cm long 
undisturbed soil columns. They also measured effluent flux concentrations from the bottom 
of the soil columns. They analyzed their data with the two domain mobile-immobile (MIM) 
solute transport model developed by Coats and Smith (1964), and van Genuchten and 
Wierenga (1976, 1977). The MIM model divides soil water (6) into two domains: a mobile 
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water domain (6m) where water and chemicals move with mean pore velocity (Vm), and an 
immobile water domain (6im) where water is stagnant and chemicals move by diffusion only. 
Dispersion of chemicals takes place in the mobile domain and is similar to that in the 
convective-dispersive equation (CDE). The water in the immobile domain is connected to 
water in the mobile domain and allows for chemical diffusion between the two domains. The 
MIM model is written as follows: 
where, Cm and Cim are the concentrations of chemicals in the mobile and immobile domains 
(M L"3), Dm is the dispersion coefficient (L2 T"1) in the mobile domain, q is the flux density 
(L T"1), t is time (T), and z is depth (L). Chemical transfer between the two domains is 
proportional to the concentration difference between the two domains and can be described 
as a first-order process (van Genuchten and Wierenga, 1976): 
c)C 
[2] 
where a is a first-order mass exchange coefficient (L-1). 
The MIM model has been successful in describing numerous column experiments and 
explaining tailing on breakthrough curves (Nielsen et al., 1986). Lee et al. (2002) determined 
one set of MIM solute transport properties from surface TDR measurements and a second set 
of MIM properties from the effluent data. They found similar surface and column transport 
properties. Furthermore, they were able to use the MIM transport parameters derived from 
the TDR surface measurements to accurately predict the column effluent concentrations. 
One-dimensional flow was used in the Lee et al. (2002) column studies, and it is not clear 
whether similar TDR measurements can be used to accurately determine surface solute 
transport properties under two- or three- dimensional flow conditions. Further testing of the 
Lee et al. (2002) surface TDR method for determining solute transport properties is 
warranted. 
The main objective of this study is to extend the Lee et al. (2002) surface TDR 
method to a three-dimensional flow condition. The TDR method is used to determine surface 
solute transport properties. The properties are evaluated by how well they predict subsurface 
leaching. Experiments are performed in a greenhouse soil pit containing disturbed soil. 
Although the soil is disturbed, it is not homogenized. The soil in the pit has been cropped for 
several years and the soil surface has been tilled. The disturbed soil experiment is used as a 
step towards evaluating and refining this method for future application in undisturbed field 
soil. 
METHODS AND MATERIALS 
Site Description 
The experiment was conducted in a greenhouse soil pit. The soil in the pit had clay 
loam texture (0.34 sand, 0.42 silt and 0.24 clay mass fraction). The soil pit was about 60 cm 
deep underlain by sawdust and undisturbed soil (Jaynes et al., 1995). The soil pit was tilled 
prior to conducting the experiment. The surface transport properties were measured by a 
dripper-TDR experiment followed by the measurement of subsurface leaching with ponded 
infiltrometer experiment. 
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Dripper-TDR Experiment for Surface Measurements 
A1 Jabri (2001) and Al Jabri et al. (2002) introduced a dripper irrigation system as a 
point source of water or solute to determine the hydraulic and solute transport properties of 
shallow soil in situ at multiple locations at the same time with minimal disturbance. We used 
a similar dripper irrigation system along with TDR probes in order to determine surface 
chemical properties in the soil pit (see Figure 1). The setup included multiple drippers as 
point sources of solutes and TDR probes to measure the bulk electrical conductivity of soil. 
The dripper irrigation tubing was equipped with 5 drippers spaced at 1.5 m. Each dripper had 
a designed discharge rate of 4 L h"1 within the applied pressure range (pressure-compensating 
drippers). The dripper irrigation tubing was placed at two different positions on the surface of 
the soil pit providing for a total of 10 surface measurement locations. 
The TDR set up consisted of two-rod, 3.8-mm diameter and 100-mm long probes, 
cable tester (model 1502B, Tektronix Corp., Redmond, OR) and a computer program to store 
and analyze the data. The TDR probes were inserted at an angle from the surface to a depth 
of 2 cm so as to minimize soil disturbance. For the steady state leaching experiment with a 
step increase of input solute concentration, relative solute concentration R(t) can be 
represented as (Lee et al., 2000): 
P / ^ _ C ( Q - Q  _  ECajt ) - ECa; 
C„-C, " 
where C/ is background solute concentration, C0 is input solute concentration, ECctj is TDR-
measured EC for C„ and ECa0 is TDR bulk EC corresponding to C0. Under steady-state 
conditions, we can directly use ECa values to determine solute transport properties in soil. 
Because of the linear relationship between ECa and C, the empirical constants do not need to 
be determined to calculate R(t). In this study the real time electrical conductivity, ECa(t) was 
determined with the aid of the Win TDR99 (Or et al., 1998) computer program. 
It was assumed that each TDR probe measured the average bulk soil electrical 
conductivity of the soil surrounding the probe. A background steady state condition was 
attained by applying 0.005 M CaCh solution through the drippers until the EC readings and 
ponding radius reached constant values. Once the steady state condition was attained, 0.2 M 
CaCb solution was applied by the same drippers as a step input tracer for long enough time 
to allow the input solution to move deeper than 2 cm. ECa(t) of the soil surface was 
measured continuously by the TDR setup. 
After applying the tracer solution for about 2 hours, soil samples from the surface 2-
cm layer were collected from each TDR probe location to determine the actual resident 
chemical concentration of soil solution, C. Each soil sample was split into two sub-samples. 
One sub-sample was used to determine the gravimetric water content, and the other sub-
sample was diluted five times with water. The diluted sub-sample was shaken and allowed to 
settle. The supernatant was then centrifuged at 9200 g for 20 min. The water from the sample 
was subsequently analyzed for EC with an Accumet conductivity meter (Model 30). 
Knowing the final soil water solution concentration, C(t), input tracer concentration, Ca and 
background concentration, C„ it was possible to determine the final value of the relative 
resident concentration, R(t) in Eq.[3], Subsequently, the corresponding final value of ECa0 in 
Eq. [3] was determined and was applied to normalize the R(t) with respect to the real time 
ECa(t) values. The normalized R(t) values represented the relative resident concentrations of 
the surface 2-cm soil layer, where the TDR probe was installed. The relative resident 
concentration breakthrough curves (BTCs) obtained from TDR were used to estimate the 
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MIM solute transport parameters, Qim, a, and Dm. Preliminary analysis showed that 6im 
determined by the Clothier et al. (1992) method and inverse curve fitting of 1-D pore velocity 
within TDR-probe regions, Vm, a and Dm provided the best fit of observed TDR data. 
Mallants et al. (1994) also pointed out that the fitted (optimized) pore velocity Vm was more 
appropriate than the measured one because the TDR only samples a small region of the 
whole flow domain, the region might or might not include preferential flow channels. 
Subsequently, the mobile fraction <9 was determined by Clothier et al. (1992) 
method, which was equal to the final relative resident concentration of the soil samples 
collected after infiltrating CaCh solution. In the CXTFIT program (Toride et al. 1999), the 
value of 6J9 was fixed and Vm, a and Dm were determined by inverse curve fitting of the 
TDR BTCs for each location. The depth for the curve fitting in CXTFIT was set at 1 cm, 
which was the average depth of the sampling volume (0-2 cm) of the TDR probe. 
Ponded Infiltrometer Experiment to Measure Subsurface Leaching 
Ponded infiltrometers were used to apply a pulse of calcium chloride solution for use 
in the subsurface chemical transport study. Following the dripper-TDR surface 
measurements, infiltrometers were installed at the center of two adjacent dripper locations. A 
total of four cylinder infiltrometers with inner diameter of 45 cm and height of 25 cm were 
inserted 10 cm deep into the ground (see Figure 1). With each infiltrometer, a steady 
infiltration rate was established by ponding tap water at a depth of 2-cm for 4-5 hours. Once 
steady infiltration was achieved, the tap water supply was stopped, and after the ponded tap 
water infiltrated, 5 cm of 0.2 M CaCh was applied uniformly via a sprinkler can inside each 
infiltrometer. As soon as the 0.2 M CaCl% solution infiltrated in each infiltrometer an 
additional 2 cm of tap water was applied. Immediately after the infiltration of the tap water, 
soil samples were collected at four locations in each infiltrometer. In order to avoid soil 
compaction, the top 5-cm of soil was sampled with 5.4 cm diameter rings prior to sampling 
the 5-30 cm layer as a 2.54 cm diameter core. The collected samples were immediately 
divided into approximately 3 cm sections in order to determine the distribution of solute 
concentration (EC) within the soil profile. Soil solution extracted from each section was 
analyzed for EC. 
The relative resident concentrations for the soil profile were used in the inverse curve 
fitting program of CXTFIT to determine the subsurface MIM parameters. Since the Clothier 
et al. (1992) method for determining 6JQ was not applicable in this pulse input experiment, 
all of the subsurface MIM parameters were estimated by inverse fitting the observed resident 
concentration distributions. However, in order to minimize the number of fitted variables, the 
measured subsurface pore velocity, Vm was used. Therefore, CXTFIT was used to estimate 
6 JO, Dm, and a. In addition, the surface solute transport properties determined by the 
dripper-TDR setup were applied using the same pulse input as in the ponded infiltrometers in 
the direct mode of the CXTFIT program to predict soil profile resident concentration profiles. 
In order to compare the estimated surface and subsurface transport properties, a statistical test 
was performed. The statistical test was a non-parametric test, Wilcoxon-Mann two samples 
test that is suggested for data sets with unknown distributions obtained from different 
processes, (SAS, 1996). Moreover, the center of mass obtained from the predicted profile 
BTCs were compared with the observed center of mass within the soil profile. 
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RESULTS AND DISCUSSION 
Surface vs. Subsurface Transport Properties 
The observed resident concentration breakthrough curves obtained by TDR 
measurements for the soil surface layer are shown in Figure 2. Soon after the application of 
chemical tracer, the increase in resident chemical concentrations was relatively fast, but over 
time, the rate of increase reduced and approached an asymptotic value. Conceptually, in the 
beginning, the mobile water (or active flow pathways) was replaced by the input tracer 
solution mainly due to convection, hence resulting in a sharp increase in the resident 
concentration. Whereas, during the latter process, the increase in resident concentration was 
slow because the chemical exchange process between mobile and immobile domain occurred 
by diffusion. At most of the locations, the resident concentrations approached constant values, 
thus indicating negligible diffusion. 
The applied surface emitter discharge rates for all 10 drippers ranged from 3.9 to 4.3 
L hr"1. The relative resident concentrations from the soil extracts ranged from 0.68 to 0.82 
indicating the presence of an immobile water domain. Subsequently, the average dim/d 
determined by Clothier et al. (1992) method was found to be 0.28 (±0.02). The dim/6 was then 
fixed during the inverse curve fitting of the TDR data to determine Vm, Dm, and a. The mean 
Vm, Dm, and a determined by CXTFIT were, respectively, 10 cm h"'(±3), 10 cm2 h"1 (±5) and 
0.04 h"1 (±0.06) (Tables 1). The coefficients of determination, R2, for the inverse curve fitting 
by CXTFIT program were 0.98 or greater for all of the sites indicating good fitting of the 
observed data. 
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The subsurface properties were determined for a total of 16 locations by sampling 4, 
30-cm deep soil cores in each of the ponded infiltrometers installed at four different locations 
between the dripper locations. The relative resident chemical concentration distributions for 
the soil profiles are shown in Figure 3. As a result of a pulse input of CaC^, the chemical 
distribution within the soil profile varied with depth with the peak relative resident 
concentration occurring at an average depth of about 13 cm. The average maximum relative 
resident concentration was 0.69 (± 0.06). The percent of chemical mass recovery within the 
30-cm soil profile ranged from 69 to 115% with an average value of 90% indicating some 
movement of chemical below 30 cm depth at most sites. However, we were successful in 
capturing a substantial amount of tracer within the sampled portion of the soil profiles. All 
three MIM parameters 9im/d, a, and Dm were obtained by fitting the observed relative resident 
concentration distributions. The average 6,J8, a, and Dm for the soil profiles were found to 
be 0.31 (±0.06), 0.20 h"1 (±0.15) and 40 cm2 h"1 (±22), respectively (Table 1). The average 
din/8 for surface soil and soil profiles were similar, however, the confidence intervals for soil 
profile parameters were comparatively large. Individual a values and their corresponding 
confidence intervals were greater for the soil profiles than for the surface soil layers. The 
coefficient of variation of the a values was larger for the surface soil than for the soil profile. 
In a majority of the cases, the value of a was zero for the surface soil. The dispersion 
coefficient, Dm, was lower at the surface than in the soil profile, which was due to the 
corresponding lower pore velocity. The average measured subsurface pore velocity in the 
ponded infiltrometer experiment was 30 cm h"1, which was significantly larger than the fitted 
estimated 1-D pore velocity at the surface dripper-TDR locations (10 cm h"1). Therefore, in 
order to eliminate the effect of different pore velocities, we used dispersivity (A as 
the quantitative measure of dispersion, and it was found that both at the surface and in the 
soil profile, the dispersivities were similar with average values of 1.02 (± 0.4) cm and 1.28 (± 
0.68) cm, respectively (Table 1). Using the non-parametric test (Wilcoxon-Mann two 
samples test), no significant difference was found between the MIM parameters, 8in/d, a and 
A measured at the surface and in the soil profile. These findings agree with the results from 
Lee et al. (2002) where the values of 6im/0, a, and Dm obtained by the surface TDR method 
were similar to the parameters estimated from undisturbed soil column effluent data. 
Furthermore, both surface and subsurface measurement methods met the flow rate and 
cumulative infiltration requirements as suggested by Snow (1999) in order to obtain accurate 
estimates of transport parameters. 
Predicted vs. Observed Resident Concentrations 
The surface transport properties determined by the dripper-TDR setup were used to 
predict the subsurface resident concentrations for 30-cm deep soil profiles. We used center of 
mass as the quantitative measure for comparing predicted and observed resident 
concentrations, and it was found that the difference between the two centers of mass was not 
significant. The average centers of mass from predicted and observed ETC were found to be 
13.5 cm (±0.81) and 13.8 cm (±0.62) with coefficients of variation of 9% and 7%, 
respectively (Table 1). We also conducted a non-parametric test (Wilcoxon-Mann two 
sample test) that can be used for data sets with unequal numbers of observations, and found 
that the difference between centers of mass was not significant. These are promising results 
indicating the capability of the surface TDR method to provide solute transport parameters 
that can be used to extrapolate chemical movement into deeper soil. 
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SUMMARY AND CONCLUSIONS 
A study was performed in a greenhouse soil pit to test whether surface measurements of 
chemical transport properties could be used to accurately predict subsurface chemical 
transport. TDR was used to determine the transport properties for the surface soil, while soil 
profile resident chemical concentration distributions were analyzed to determine subsurface 
transport properties. The surface and subsurface chemical transport properties including 
immobile water fraction (0im/6), mass exchange coefficient (a), and dispersivity (A) were 
found to be similar. Furthermore, the surface transport parameters obtained from the dripper-
TDR setup were successful in predicting the center of mass for the subsurface resident 
concentration distributions. The TDR method is relatively simple and requires only a surface 
soil sample with minimum disturbance of soil, after applying a step input of salt solution. So 
far, the technique has been tested in undisturbed columns and in a disturbed soil pit. Further 
testing and refinement of the method under a range of soil conditions is needed. This surface 
measurement technique is a promising tool for vadose zone chemical transport predictions, 
and the technique may prove to be useful for assessing subsurface chemical leaching under 
different management practices. 
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Table 1. Comparison of surface and subsurface solute transport properties. 
Parameters Surface Method Subsurface Method 
Statistical 
comparison 
Number of observations 10 16 




* * *  
Dispersion coeff, Dm, cm2 h"1 10 (±5) 
40 
(±22) 
* * *  
















f Values in parenthesis are confidence intervals at 0.05 probability level. 
***significant at 0.001 probability level. 
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Figure 2. Observed relative resident concentration for the surface soil determined by dripper-
TDR experiment. The circles and solid lines are the measured and fitted values, respectively. 
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Figure 3. Observed relative resident concentration for the subsurface soil measured from the 
ponded infiltrometer experiment. The circles and solid lines are the measured and fitted 
values, respectively. 
CHAPTER 3. SURFACE AND SUBSURFACE SOLUTE TRANSPORT 
PROPERTIES IN ROW AND INTERROW ZONES 
A paper to be submitted to Soil Science 
Anju Gaur, Robert Horton*, Dan B. Jaynes, and Tyson E. Ochsner 
Abstract 
Knowledge of solute transport properties is required in order to evaluate the risks of 
agricultural chemicals contaminating groundwater under a wide variety of crop and soil 
management practices. A field experiment was carried out to evaluate the effect of soil 
management practices on surface and subsurface solute dispersivities (A). For this purpose, a 
study plot of 14 by 14 m in a field with soybean (Glycine max L. Merr ), corn (Zea mays L.), 
and oat (Avena L.) strip-cropping was selected. Surface (top 2 cm) measurements were made 
by time domain reflectometry (TDR) at 45 locations during a pulse application of chemical 
tracer. At the conclusion of the pulse input, 120-cm deep soil cores were collected at the 45 
locations in order to measure the soil profile chemical distributions. The measurement 
locations included three soil management zones: plant-row, non-traffic interrow and wheel 
traffic interrow in each of the three crops. In corn and soybean, both the surface and 
subsurface A's were affected by soil management zones. The largest mean pore velocity and 
smallest mean A were observed in the plant-row zones. Overall, the average soil profile A 
(2.68 ± 1.61 cm) was larger than the surface soil A (0.91 ± 0.39 cm). The median surface and 
soil profile A's were 0.84 cm and 1.85 cm, respectively. The coefficient of variability in soil 
Gaur and R. Horton, Dep. of Agronomy, Iowa State Univ., Ames, IA 50011; D. Jaynes, USDA-ARS, National 
Soil Tilth Lab., 2150 Pammel Dr., Ames, IA 50011; Tyson E. Ochsner, Dept. of Soil, Water and Climate, 
USDA-ARS, Minneapolis, MN. * Corresponding author (rhorton@iastate.edu). 
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profile A values (60%) was larger than in surface soil (43%). A main reason for the different 
A values was the increase in solute spreading due to variation in profile pore velocities. 
Introduction 
Despite theoretical advances providing increased ability to simulate larger-scale soil 
water transport, it still remains very difficult to observe and predict solute transport behavior 
in cropped fields. The spatio-temporal variations of solute transport pose challenges for 
modelers under a complex system of heterogeneous soils and plants. Modeling solute 
transport in such a heterogeneous system requires detailed knowledge of temporal and spatial 
changes of solute transport properties. The spatio-temporal variation in solute transport in 
cropped field soil is largely caused by soil, agronomic, and biotic factors, which may vary in 
space and time. 
Some of the major factors that affect solute transport are soil type, topography, tillage 
practices, and wheel traffic. For instance, wheel traffic reduced the macroporosity due to 
compaction and resulted in less infiltration in wheel traffic interrows than in non-traffic 
interrows (Ankeny et al., 1990). Although the effect of traffic has been reported on 
infiltration and hydraulic conductivity, not much information is available on the effect of 
traffic on solute transport (Ankeny et al., 1990; Vervoort et al., 2001). Another soil factor 
that may affect solute leaching is surface roughness introduced by plant-rows and interrows. 
In row crops, the ridging or hilling may shed water away from the plant-row zones, which 
can cause greater infiltration and leaching in interrow zones (Saffigna et al., 1976; Bargar et 
al., 1999). Furthermore, during rainfall or sprinkled water application, the ponding in 
interrows and no-ponding in plant-rows can affect infiltration and solute leaching (Ghodrati 
and Jury, 1990). Some of the solute infiltrating in interrow zones may spread laterally with 
water to the adjacent plant-row zones due to lateral gradients (Bargar et al., 1999). 
The biotic plant factors that influence solute transport include living and dead roots 
and plant-canopy. Plants, by virtue of their roots play an important role in determining the 
magnitude, and even the direction of field soil water flow and solute transport. Plant root 
growth initially may decrease infiltration rates, but decomposition of roots leaves channels or 
macropores that result in increased infiltration rates (Meek et al, 1989). Fescue roots can 
loosen the soil and increase hydraulic conductivity (Shirmohammadi and Skaggs, 1981). 
Gish and Jury (1982) reported that plant roots altered the nature of the porous medium and 
caused water and solutes to move through only part (65-86%) of the wetted pore space. 
The soil management zones in row-cropped fields basically include plant-row, non-
traffic interrow, and traffic interrows zones. The zones are subjected to a combination of 
various soil and biotic factors. Hydraulic property measurements suggest that the soil 
management factors such as trafficking and row-interrow zones affect the soil water 
infiltration (Meek et al., 1989; Starr, 1990, Ankeny et al., 1990; Mohanty et al. 1994; 
Vervoort et al., 2001). Furthermore, Paltineanu and Starr (2000) investigated the soil water 
dynamics at different depths under different soil management positions, and reported the 
variations in effect of soil management zones on soil water flow with depth. Blanco-Canqui 
et al. (2004) observed that the saturated hydraulic conductivity among soil management 
zones was affected differently in various crops. Similarly, the effect of crops and row-
interrow zones were observed on solute leaching (Timlin et al., 1992). The subsurface 
infiltration and subsurface solute leaching behavior in soil management zones were probably 
influenced by the plant root distribution or lateral flow (Kung, 1990; Timlin et al., 1992). Not 
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much information is available on the surface and subsurface leaching in soil management 
zones. Additional knowledge of the relative differences in surface and subsurface solute 
leaching in different management zones will help to improve our understanding of the 
implications of certain management practices. There is a need to study the surface and solute 
transport properties under different soil management zones and identify the zones more prone 
to leaching in row-cropped fields. 
Solute dispersivity is a good measure of solute transport behavior in soil. It is directly 
affected by the heterogeneity in flow and therefore, can help to assess the non-uniformity in 
surface and soil profile flow introduced by soil management factors. Solute dispersivity can 
be determined by fitting the one-dimensional convective-dispersive equation (CDE) (Parker 
and van Genuchten, 1984) to observed soil solute resident concentrations. The CDE is based 
on solute transport in a homogeneous medium with complete mixing of the solutes. The 
model has been successfully applied at both the columns scale (Wierenga and Van 
Genuchten, 1989) and field scale (Biggar and Nielsen, 1976; Roth et al., 1991). 
The objective of our study was to evaluate the effect of soil management zones on 
surface and subsurface solute transport properties (dispersivity) in a strip-cropped field. The 
effect of soil management zones (plant-row, non-traffic interrow and wheel-traffic interrow) 
on solute leaching was studied in soybean, corn, and oat. 
Materials and Methods 
Site Description 
The study was performed at the Iowa State University Agronomy and Agricultural 
Engineering Research Center near Ames, Iowa during the fall season of 2002 on a strip-
cropped field plot under a chisel-plow and strip-cropping system. The field was chisel 
plowed in April, 2002 and the experiment was conducted in October, 2002. A plot of 14 by 
14 m with three crop strips including soybean, corn, and oat was selected for the study 
(Figure 1). The crops were harvested prior to conducting the experiment. The soil at this site 
is predominantly Nicollet loam (fine loamy, mixed superactive, mesic Aquic Hapludolls) in 
the Clarion-Nicollet-Webster soil association (USDA-SCS, 1981). The glacial till derived 
soil is poorly drained and moderately permeable. 
A portable irrigation system with four Gilmour oscillating sprinklers (Model# 9836z) 
was used to apply water and solute at rates between 0.2-0.3 cm h"1. An on-off switch was 
used in order to maintain the desired irrigation rate. During tracer application, the on and off 
times were set to 30 s and 30 s, respectively that resulted in irrigation rate of 0.3 cm hr"1. The 
off time was increased to 45 s during water application and it attained irrigation rate of 0.2 
cm h"1. Even after decreasing the irrigation rate to 0.2 cm h"1, the ponding in interrows could 
not be avoided in corn and soybean crops. No ponding was observed in the oat strip. Nince 
tipping bucket rain gauges coupled with a datalogger were used for monitoring the sprinkler 
irrigation rate. The field plot was pre-irrigated with well water having an electrical 
conductivity (EC) of 0.68 dS m"1 for 240 h until a steady-state water condition was attained. 
After reaching the steady-state condition, 17.9 cm of calcium chloride (CaCh) solution (14.4 
g L"1) with an EC of 23 dS m"1 was applied through the sprinkler system. The solute was 
applied for 78 h at an average rate of 0.23 cm h"1 and was followed by an additional well 
water application for 92 h at a rate of 0.21 cm h"1. During the pulse application, the surface 
measurements were made by a TDR equipment. One day after irrigation ceased, soil profile 
cores were obtained at 45 measurement locations. The measurement locations included the 
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three crop areas and three soil management treatments: plant-rows, interrows, and traffic 
interrows positions with five replications each (Figure 1). The row-to-row spacing in corn 
and soybean was 0.76 m, and first plant-row, third interrow (non-traffic), and fourth interrow 
(traffic) in each crop strip were selected for observations. The oat was planted by a drill with 
0.186-m spacing. The selected plant-row and interrows had five measurement locations 
(replications) spaced at 2 m. A total of 15 measurements were made in each crop. A detailed 
layout of sampling locations is shown in Figure 1. 
Surface-TDR Measurements 
The TDR set up consisted of two-rod probes (3.8 mm in diameter and 100 mm long), a 
cable tester (model 1502B, Tektronix Corp., Redmond, OR) and a computer program to store 
and analyze the data. The probes were connected via a multiplexer setup. At all 45 
measurement locations, the TDR probes were inserted at an 11° angle from the surface to a 
depth of 2 cm so as to minimize soil disturbance . During the steady-state pulse input, the 
relative solute concentration R(t) can be represented as (Lee et al., 2000): 
C(t) _ ECa(t) - ECa, 
C0-Ci ~ ECa0 - ECa,, ^ 
where C, is background solute concentration, C0 is input solute concentration, ECat is TDR-
measured EC for C„ and ECa„ is TDR bulk EC corresponding to Ca. Under steady-state 
conditions, because of the linear relationship between ECa and C, one can determine 
normalized resident concentration, R(t) by using Eq. [1]. In this study, ECa(t) as a function of 
time was determined with the aid of the Win TDR99 (Or et al., 1998) computer program. It 
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was assumed that each TDR probe measured the average bulk soil electrical conductivity of 
the soil surrounding the probe. 
Subsurface Measurements 
One day after irrigation ceased, soil cores were collected from all 45 TDR locations. 
A hydraulic sampling device was used to collect 5-cm diameter, 120-long cores in zero-
contaminated clear butyrate plastic tubes. Each sample was obtained in a single tube entering 
from the surface to a depth of 120 cm. The soil cores were later sectioned into 10-cm depth 
increments, and each incremented sample was split into two sub-samples. In all soil cores, 
one sub-sample was used to determine the gravimetric water content, and the other sub-
sample was diluted about five times with water. The diluted sub-sample was shaken for 30 
min and allowed to settle. The supernatant was then filtered through water filter paper no. 42. 
The supernatant from the sample was subsequently analyzed for EC with an Accumet 
conductivity meter (Model 30) and chloride (CI) concentration by a Dionex DX-120 Ion 
Chromatograph. Both relative EC and relative CI concentrations were found to be similar, 
therefore only CI breakthrough curves were used for the data analysis. 
Data Analysis 
Some examples (of 45) surface relative resident concentrations (determined by TDR) 
versus cumulative irrigation during the pulse application are shown in Figure 2. The observed 
resident concentration during the chemical application did not display the expected 
asymptotic shape during chemical application (during 0<t< t0). Instead, the TDR 
measurements showed diurnal fluctuations. These fluctuations can partly be attributed to 
interruptions in tracer input caused by sprinkler malfunctioning during the first two nights of 
tracer application. Other causes were diurnal fluctuation of surface temperature and variation 
in the input concentration due to evaporation from the sprinkler water drops and surface soil 
water. The evidence of evaporation effects was independently supported by surface soil 
samples that were collected at the time of peak TDR EC readings prior to switching from 
chemical to water application (t = t„). The surface soil samples collected at TDR locations 
had greater solution chemical concentrations than the input solute concentration. Because the 
water application following the chemical application (t > t0) took place during the night when 
evaporation was minimal, the majority of the resident concentration curve step down 
occurred during the night when evaporation was minimum. Thus, in order to remove the 
effects of sprinkler malfunctioning and diurnal fluctuations of temperature and evaporation, 
only the falling portion (t > t0) of the concentration curves was selected for analysis. We 
assumed that after the 16 pore volumes (/„) of tracer solution input prior to water application, 
the chemical was uniformly distributed in the top 2-cm soil layer around the TDR probes. 
Subsequently, the TDR EC readings were normalized with respect to the maximum EC (Co = 
ECa0) in the soil at each location when t = t0. The deterministic convective dispersion 
equation, CDE model (Toride et al., 1993) was fitted to these measured relative resident (EC) 
concentrations in order to determine the pore velocity, V, and dispersion coefficient, D. 
The cumulative irrigation during chemical (/„) and total input {I) at each measurement 
location were determined by interpolating the measured irrigation at the tipping raingauge 
locations (Figure 1). The regularized spline method was used to make the interpolations. 
Mass recovery and center of mass were determined for each soil profile chemical 
distribution. In addition, the subsurface solute transport properties, V, D, and tQ were 
estimated for each location by fitting the CDE model to measured profile concentration 
distributions. In order to compare the variations in dispersion and velocity on common basis, 
the dispersivity, X (=D/V), was used to characterize the solute leaching in the management 
zones. 
The CDE model assumed that pore velocity was constant over time. Thus the slightly 
variable irrigation rates were adjusted to a constant input rate, by averaging over time. The 
average pulse input time used when fitting the CDE model to the profile concentrations was 
the corresponding time converted from variable velocity (Va) to the constant velocity (V): 
Wierenga (1977) has demonstrated the validity of this approach for describing solute 
transport during cyclical infiltration and drainage events. 
The surface and subsurface measurements were integrated in two ways, local-scale 
and field-scale, in order to estimate solute transport properties (V, D, and A) for the entire 
field plot. At local-scale, the soil was viewed to consist of non-interacting and vertically 
homogeneous soil columns. The soil was considered to be a well-mixed system at the field-
scale by combining all the local-scale soil columns. The average local-scale solute transport 
properties were determined by averaging the properties obtained at all 45 locations. The 
field-scale solute transport properties were obtained by fitting the CDE model to an area 
averaged resident concentration curve. The surface-area averaged TDR resident 
concentration curve was determined by averaging the chemical concentrations over all 45 
locations for each time increment. Similarly, the field-scale area averaged concentrations for 
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soil profiles were obtained by averaging the local profile chemical concentration 
distributions. 
A one way-ANOVA analysis was used to test for differences among row and 
interrow zones. Scheffé least significant difference test was used to compare the effects of 
soil management zones (SAS, 1996). 
Results and Discussion 
On average, the chemical tracer distribution was applied at a rate of 0.21 cm h"1 for 78 
h for a total net water (irrigation-evaporation) depth of 16.3 cm (I0) followed by /w of 17.4 cm 
of net water application in 92 h (0.19 cm h"1). A total of 33.7 cm (I) net irrigation was applied 
during the pulse input. The estimated I0 and / for each treatment are summarized in Table 1. 
Surface Solute Transport Properties 
During the water application (t > t0), the decrease in surface EC (measured by TDR) 
was rapid, and following the application of 7 cm of water, the resident EC approached the 
background resident EC (Figure 2). The P-values from ANOVA test, fitted pore velocity, V, 
and dispersion coefficient, D, for all 45 locations with respect to management treatments are 
summarized in Table 2. The coefficients of determination, R2, for fitted relative resident 
concentration curves ranged from 0.88 to 0.99. Several researchers (Jacques et al., 1997; 
Gupte et al. 1996; Jaynes and Rice, 1993; Jaynes, 1991, Biggar and Nielsen, 1976) have 
found that solute transport properties including pore water velocities and dispersivities are 
best described by lognormal distribution. Kolmogorov-Smirnov and goodness-of-fit tests 
verified that surface V, D, and A were best represented by a lognormal distribution. Table 2 
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summarizes the log-transformed means of solute transport properties for each soil 
management treatment. 
The solute transport properties were affected differently by soil management zones in 
each crop. The V was similar among management zones in corn and oat, but V varied in the 
soybean in the management zones. The dispersion coefficient, D, varied from 0.12 to 0.70 
cm2 h among soil management zones showing significant effects of management zones in 
corn and soybean. In corn and soybean, significant differences in dispersivity, A, were 
observed among soil management zones. The largest A was observed in com interrow zones 
(1.51 cm). The smallest A was found in soybean plant-row zones (0.49 cm). Oat 
demonstrated a pattern different than corn and soybean with slightly smaller A under non-
traffic interrow zones. Overall, the plant-row zones demonstrated lower A than in interrow 
zones. No significant difference was observed between A of non-traffic and traffic interrows. 
On average, the fitted average surface V and D were found to be 0.33 ± 0.07 cm h"1 
and 0.30 ±0.15 cm2 h respectively. The transport volume estimated as a ratio of applied 
water rate to fitted V was found to be 0.57, which was greater than observed water content of 
0.47. The A ranged from 0.14 to 2.73 cm. The average and median value of A were 0.91 cm 
and 0.84 cm, respectively. The average local-scale and field-scale V were similar but field-
scale D was greater than local-scale D. Subsequently, the field-scale A (1.2 cm) was slightly 
greater than the local-scale A (0.91 cm). Gupte et al. (1996) reported similarities between 
field-scale and local-scale solute transport properties. 
Solute Transport within Soil Profiles 
The amount of irrigation during chemical (I0) application varied among crops (Table 
1). The chemical input, I0 was comparatively less in corn (15.4 cm) than in soybean (16.6 
cm) and oat (17.3 cm) while the total irrigation input, I, was similar in all the crops. IQ was 
similar among row and interrows, but / was slightly smaller in traffic-interrows. 
The degree of variability of downward solute movement at different locations within 
the study plot may be illustrated by examining the extremes in the shapes of the solute 
distribution. As shown in Figure 3, the peak relative resident concentrations varied from 0.25 
to 0.96 with an average value of 0.70 ±0.05. Some double peak breakthrough curves were 
observed in the soybean crop (e.g., Site #5, 11, and 15). The soybean crop was downslope of 
the other crops and lateral flow may have contributed to the manifestation of double peaks. 
The solute mass recovered per unit area as a percentage of the total applied mass may 
be used to gauge the solute distribution in the study area. The mass recovery was determined 
in order to assess the chemical distribution within the study area (Figure 4 and Table 3). On 
average, the solute mass recovery was found to be 59 ± 29% ranging from 14 to 131%. The 
mass recovery indicated that some of the applied solute had moved laterally outside of the 
soil sampling area or vertically deeper than the sampling depth. Evidence for lateral transport 
was provided by the soil profile concentration distributions with mass recoveries more than 
100%. The shapes of the concentration distribution also indicate that some solutes moved 
below the sampling depth. Overall, corn (57%) and oat (50%) had lower mass recovery than 
soybean (69%). The mass recovery was partly affected by the relative amounts of chemical 
(I0) and water (I) inputs (Table 1). The larger I in corn than in soybean and oat resulted in 
deeper leaching. The plant-row (37%) and non-traffic interrow (52%) positions under the 
corn crop had significantly less mass recovery than in traffic interrows (80%) positions. No 
significant difference in mass recoveries was determined among row-interrow zones within 
the soybean and oat. 
The center of mass depth is another gauge of solute travel distance. In general, the 
centers of mass of individual profile resident concentration curves ranged from 33 cm to 96 
cm with an average value of 68 (± 4) cm (Figure 4 and Table 3). No significant differences 
in the locations of the centers of mass were observed under different crops with average 
values of 64, 66, and 75 cm under soybean, corn, and oat, respectively. The centers of mass 
were found to be deeper under plant-rows zones (81 cm) than under non-traffic interrow (64 
cm) and traffic interrow (60 cm) zones. The deepest center of mass was observed under com 
plant-row (85 cm) positions followed by soybean (80 cm) and oat plant-row positions (78 
cm). The traffic interrow positions in oat (53 cm) had shallowest center of mass. 
Both mass recovery and centers of mass suggested that the deepest solute leaching 
occurred below plant-rows. The same was also supported by fitted profile pore water 
velocity, V (Table 4). The profile V under plant-row zones (0.51 cm h'1) was significantly 
greater than in the interrow zones (0.39 cm h"1). 
Subsurface Solute Transport Properties 
The observed and fitted resident chemical concentration distributions are shown in 
Figure 3. Except for four of the 45 locations, the R2 of fitted curves ranged from 0.63 to 0.99 
with an average value of 0.91. The CDE model was unable to provide good fits to the four 
double peaked resident concentration curves in soybean. 
The ratio of average applied flux rate (0.19 cm h"1) and fitted V (0.43 cm h"1) 
indicated that solute transport volume was 0.40. The fitted t0 and V were used to estimate 
solute mass (/0). Overall, fitted I0 was 13% less than applied. Particularly, in com and oat, the 
fitted I0 was considerably less than applied chemical (Table 1). 
The distribution of V values was normal, but D had lognormal distribution. The 
distribution of A was not clearly normal or lognormal. However, the distribution for A values 
was positively skewed indicating the distribution was closer to being log-normal than 
normal, as was found at surface and in the past by several researchers. In order to be 
consistent with surface estimates, the lognormal distribution was considered for subsurface 
transport properties. The log-transformed profile solute transport properties under different 
management zones are summarized in Table 4. The D varied differently under crops and 
their management zones. Similar to surface properties, the soil profile dispersivity, A, varied 
significantly among management zones in soybean and com (Figure 5). The coefficients of 
variability (C V) of A within the soil management zones was substantial, ranging from 15 to 
95%. In soybean, the A varied considerably ranging from 0.86 to 34 cm. On average, the 
soybean traffic interrow zones had the largest A of 10.2 cm. The A was less variable in com. 
The com plant-row zones had the smallest A (1.17 cm). In oat, the effect of soil management 
zones on A was insignificant. Overall, the A was the smallest in plant-row zones and largest 
in traffic-interrow zones. No significant difference was observed between A of non-traffic 
and traffic interrows. 
On average, the V was found to be 0.43 ± 0.07 cm h"1. The dispersion coefficient 
ranged from 0.31 to 13 cm2 h"1 with an average value of 1.13 cm2 h"1. Similarly, A had a CV 
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of 60% with an average value of 2.68 ± 1.61 cm and median of 1.85 cm. The variability in 
solute transport over the field plot is quite evident from the field-scale A (9.0 cm). The local-
scale and field-scale F s were similar, so the field-scale A implied larger spatial heterogeneity 
in flow within soil profiles than estimated by local-scale A. 
Comparing Surface and Soil Profile Solute Transport Properties 
The average fitted surface V(0.33 cm h"1) was smaller than the soil profile value 
(0.43 cm h"1). Conversely, the average A was greater in the soil profile (2.68 cm) than in the 
surface soil (0.91 cm). The difference between surface (0.84 cm) and soil profile (1.85 cm) 
medians of A was small. The CV in soil profile A (60%) was greater than in surface soil 
(43%). 
In com and soybean, both surface and subsurface solute transport properties 
demonstrated significant effects of soil management zones. The effect of soil management 
zones was not significant on surface V. The profile V was found larger in plant-row zones 
than in interrows. The plant-rows in com and soybean also showed smaller surface and 
profile A's than in traffic interrows (Figure 5). The differences in Vand A values can be 
attributed to the infiltration rate, transport volumes, lateral flow/dispersion, and ponding and 
no ponding conditions in interrows and plant-rows. The large profile V particularly in plant-
row zones also indicated that the transport pore volume was smaller in plant-row zones due 
to root density difference than in interrow zones (Gish and Jury, 1982). Another reason of 
different V could be that the lateral potential gradient between ponded interrows and plant-
row zones caused the water and solute to move from interrow zones to plant-row zones 
(Bargar et al., 1999). Past studies have also reported the greater infiltration rate (Ankeny et 
al.,1990; Mohanty et al., 1994) and leaching (Saffigna et al., 1976; Gish and Jury, 1982) in 
plant-row zones than in interrow zones. Jaynes and Swan (1999), however observed less 
leaching below ridges (plant-row zones) than in interrow zones in uncropped ridge-tilled soil. 
They found that the tracer movement was vertical in plant-row zones and more pronounced 
lateral spreading occurred under the interrows. Ghodrati and Jury (1990) measured shallower 
leaching under ponded condition than under sprinkler irrigation. Jacques et al. (1997) 
reported X of 6.14 cm at 90 cm depth under no ponding condition and 65 cm for similar soil 
under ponded condition (observed by Mallants et al., 1996). Jaynes et al. (1988) also found 
that field-scale X measured under flooded irrigation was larger than the field-scale À under 
intermittent irrigation. The larger X under ponding condition is probably due to solute 
transport through macropores and to a larger variability in saturated hydraulic conductivity 
than the variability of the unsaturated conductivity (Mohanty et al., 1996). No ponding 
occurred in the oat strip. The oat did not demonstrate significant differences among soil 
management zones. 
Neither surface nor soil profile solute transport properties demonstrated significant 
effect of traffic on solute leaching in interrows. In contrast, numerous studies have reported 
the effect of traffic on hydraulic properties including infiltration rate and hydraulic 
conductivity (Meek et al., 1989; Starr, 1990; Ankeny et al., 1990; Mohanty et al. 1994; 
Vervoort et al., 2001). This difference in effect of traffic can be attributed to small flux rate 
and timing of measurements. Our study was conducted during late cropping season while 
some of the studies reported the significant effect of traffic early in the growing season 
(Meek et al., 1989; Starr, 1990). 
The effect of soil management zones was more distinctive in the soil profile than in 
the surface soil. The larger soil profile A, means and variances, within each soil management 
zone than in surface soil indicated that the soil profile A was influenced by factors in addition 
to the soil management zones (Figure 5). The difference in surface and subsurface A's can be 
attributed to the flow directions causing the surface and subsurface solute transport. The 
surface solute transport was primarily one-dimensional while multi-dimensional solute 
transport led to the solute transport within the soil profile. The double peaks of the profile 
concentration distribution curves in downslope soybean crop provide evidence for the 
influence of lateral spreading. Jacques et al. (1997) also reported an increase in A with depth 
that ranged from 1.1 to 6.14 cm at 30 and 90 cm depths, respectively. They also found an 
increase in variability of A with depth. Similarly, Khan and Jury (1990) reported a linear 
increase in A with increasing column length due to increase in lateral mixing at the flux rates 
of 4 and 8 cm d"1. In contrast, Jaynes (1991) did not find any trend of dispersivity with depth 
in the field. In another experiment, Jaynes and Rice (1993) found a decrease in dispersivity 
up to 1.8 m depth particularly under flooded irrigation. Recently, Gaur et al. (2003) observed 
that surface dispersivity (1 cm) was similar to dispersivity of 30-cm deep disturbed soil. In an 
undisturbed soil column study, Lee et al. (2002) also observed similar or smaller 
dispersivities at 2-cm depth than at 20-cm depth of soil columns. 
No difference was observed between local-scale and field-scale surface and profile 
pore water velocities. The difference between local-scale and field-scale A's was more 
significant in the soil profile than at the soil surface (Table 2 and 4). Field-scale profile 
dispersivity includes local-scale solute transport as well as horizontal variability of the local 
pore water velocities. The similarities between local-scale and field-scale surface A's 
illustrated that at the surface, the local-scale solute transport heterogeneity contributed 
significantly to the field-scale solute dispersion. In the soil profile, the average local-scale A 
was unable to describe the field-scale A due to influences of lateral spreading and 
heterogeneity in flow. Schulin et al. (1987) also found that the average local-scale V agreed 
well with the field-scale V, but the differences between average local-scale and field-scale, 
A were relatively large. In contrast, Jacques et al. (1997) found greater differences between 
the local-scale and field-scale solute transport properties near the surface than at deeper 
depths in unsaturated loamy soil. These different findings can be explained by the imposed 
boundary conditions. If solute transport was measured under a ponded condition, large 
differences between local and field-scale A were found (Destouni et al., 1994). Without 
ponding, local-scale A was similar to field-scale A (Gupte et al., 1996). In our field plot, a 
combination of ponded (interrows) and non-ponded (plant-row) conditions existed, and the 
difference between local-scale and field-scale solute transport properties was larger in the 
soil profiles than at the soil surface. 
Summary and Conclusions 
Solute transport properties were determined at the soil surface (top 2 cm) and in 120 
cm deep soil profiles. The soil profile pore velocity was greater than the surface soil. The 
surface and subsurface median dispersivities were observed to be 0.84 and 1.85 cm, 
respectively. The average soil profile dispersivity (2.68) was considerably greater than the 
soil surface value (0.91 cm). Both surface and subsurface solute transport properties 
demonstrated the effect of soil management zones in corn and soybean. The soil profile 
concentration distribution indicated larger pore water velocity and deeper leaching in plant-
rows than in interrows. In addition, the surface and profile dispersivities were found to be 
smaller in plant-row zones than in interrow zones. No significant difference in dispersivities 
was observed between non-traffic and traffic interrows. The soil profile solute transport 
properties showed larger difference between the plant-row and interrow zones than the 
surface transport properties. The variability in soil profile dispersivity suggested that in 
addition to management zone effects, the heterogeneity in flow and lateral spreading within 
soil profiles influenced the solute concentration distributions. 
The difference between local-scale and field-scale dispersivities was greater for the 
soil profile than for the surface soil. The difference between local-scale and field-scale soil 
profile dispersivities indicated that the ensemble of local-scale dispersivities was unable to 
capture the field-scale heterogeneity in solute transport. The findings suggest that the solute 
transport at deeper depths and/or field-scale is influenced by increase in lateral spreading and 
heterogeneity in flow with depth. In the strip-cropped field studies, the subsurface flow 
resulting from surface soil management zones should be more realistically modeled by multi-
domain solute prediction models than by 1-D solute prediction models. 
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Table 1. Estimated net irrigation input during chemical {Io) and water (/„,) 
application under different crop and field management practices. 
Parameters Crop Estimated 
n1 , Non-traffic Traffic . Plant-row T T Average Interrow Interrow 
Soybean 17.5 16.3 16.0 16.6 
Chemical Corn 15.5 15.2 15.4 15.4 
Io (cm) Oat 17.0 17.5 17.5 17.3 
Average 16.7 16.3 16.3 16.4 
Fitted Chemical 
Soybean 16.4 18.1 14.0 16.2 
Corn 7.7 10.7 17.7 12.0 
Io (cm) Oat 18.2 12.8 13.1 14.7 
Average 14.1 13.9 14.9 14.3 
Soybean 18.2 17.6 17.8 17.9 
Water Iw Com 22.6 21.4 19.1 21.0 
(cm) Oat 14.6 15.1 13.8 14.5 
Average 18.5 18.0 16.9 17.8 
Total I 
Soybean 35.8 33.9 33.7 34.5 
Com 38.0 36.6 34.6 36.4 
(cm) Oat 31.6 32.6 31.2 31.8 
Average 35.1 34.4 33.2 34.2 
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Table 2. Surface solute transport properties determined from TDR 
resident concentrations in different crop and field management zones. 
Parameters 
Field-
scale Crop Field management zones 



























Average 0.30a 0.35a 0.33a 0.33 0.334 
Dispersion 
coefficient, 









































Average 0.62b 1.02 1.16a 0.91 0.014 
f In rows, levels not connected by same letters are significantly different. 
Table 3. Mass recovery and center of mass determined from the soil profile concentration 
distribution under different field management zones. 
Parameters Crop Field management zones 
Plant-row Non-traffic Interrow 
Traffic 
Interrow Average 
















Average 55a 61a 60a 59 

















Average 81a 65b 59b 68 
t In rows, levels not connected by same letters are significantly different. 
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Table 4. Soil profile solute transport properties determined from soil profile resident 
concentration distribution under different crop and field management zones. 
Field- P>F 
Parameters scale Crop Field management zones value 
Plant-row Non-traffic Traffic Average Interrow Interrow 
Soybeanf 0.52a 0.38b 0.34b 0.42 0.095 
Pore velocity, Corn 0.47a 0.41a 0.45a 0.45 0.211 
V (cm h"1) 0.45 Oat 0.53a 0.42a 0.32b 0.42 0.018 
Average 0.51a 0.4 lab 0.37b 0.43 0.002 
Dispersion Soybean 0.89b 3.79a 3.80a 2.22 0.014 
coefficient, Com 0.56b 0.68b 1.49a 0.85 0.059 
D (cm2 h"1) 4.09 Oat 1.22a 0.58b 0.66b 0.80 0.693 
Average 0.87b 1.02ab 1.60a 1.12 0.311 
Dispersivity, Soybean 1.74b 10.2a 10.9a 5.71 0.007 
A (cm) Com 1.17b 1.62ab 3.29a 1.90 0.045 
9.03 Oat 2.32a 1.36a 2.13a 1.90 0.129 
Average 1.70b 2.53ab 4.32a 2.68 0.060 
f In rows, levels not connected by same letters are significantly different. 
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Figure 1. Experimental setup (S# and R# refer to sprinklers and rain gauge locations. The 
numbers refer to TDR probe locations for surface measurements, the horizontal lines indicate 
plant-rows). 
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Figure 2. Measured and fitted surface resident concentrations (both circles refer to observed 
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Figure 4. Mass recovery (%) and center of mass (cm) determined from soil profile 
concentration distribution. (+ refer to measurement locations) 
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Figure 5. Surface and soil profile dispersivities in different soil management zones. 
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CHAPTER 4. MEASURED AND PREDICTED SOLUTE TRANSPORT 
IN A TILE DRAINED FIELD 
A paper to be submitted to Soil Science Society of America Journal 
Anju Gaur, Robert Horton*, Dan B. Jaynes, and James L. Baker 
Abstract 
Most solute transport measurement techniques are tedious and require extensive soil 
excavation. A field experiment was conducted to evaluate whether surface transport 
properties determined by a non-destructive time domain reflectometry (TDR) technique 
could be used to accurately predict tile flux concentrations. A plot 14 by 14 m above a tile 
drain buried at a depth of 1.1 m was selected for the study. After reaching a steady-state 
condition, a pulse of calcium chloride solution (16.3 cm) with an electrical conductivity (EC) 
of 23 dS m"1 was applied through sprinklers. TDR equipment was used to record the change 
in EC of surface (top 2-cm) soil at 45 locations. The EC of the tile drainage flow was 
measured continuously with an EC probe. The surface convective lognormal transfer (CLT) 
function parameters, log mean irrigation depth, Hi and its standard deviation, aj, were found 
to be 3.44 and 0.94 (ln(cm)), respectively for a reference depth of 110 cm. These surface 
parameters were used in a 1-D CLT model and in a 2-D model (CLT vertical function 
combined with exponential horizontal transfer function) to predict the tile flux 
concentrations. The 1-D CLT model predicted an earlier arrival time of chemicals to the tile 
drain than observed values. The root mean square error, RMSE, of the 1-D CLT predictions 
A. Gaur and R. Horton, Dep. of Agronomy, Iowa State Univ., Ames, IA 50011; D. Jaynes, USDA-ARS, 
National Soil Tilth Lab., 2150 Pammel Dr., Ames, IA; James L. Baker, Dep. of Agricultural and Biosystems 
Engineering, Iowa State Univ., Ames, IA. This journal paper of the Iowa Agric. and Home Econ. Exp. Stn., 
Ames, IA; Project No. 3287, was supported by CSREES USD A, NRICGP Soils and Soils Biology Program 
award no. 2001-35107-09938 and by Hatch Act and State of Iowa funds. * Corresponding author 
(rhorton@iastate.edu). 
was 0.123 and coefficient of efficiency, E, was -0.47. The 2-D model predictions of tile flux 
concentrations were similar to the observed values. The RMSE was 0.023, and the E was 
0.94. The findings suggest than in this field soil, the surface solute transport properties 
determined by TDR could be combined with a 2-D transport model to make reasonable 
predictions of tile flux concentrations. 
Introduction 
The understanding of nutrient and pesticide transport from agricultural lands into 
ground and surface waters is crucial for improvement of agricultural management practices. 
Preferential flow has been reported to be one of the major pathways of chemical movement 
and loss. Contamination risks of surface water receiving drainage from tile-drained fields are 
intensified with the occurrence of preferential flow. In a field study, Kohler et al. (2003) 
reported that 73% of applied bromide (Br) leached via preferential flow and was exported 
away from the site through the tile drains. Everts et al. (1989) detected both non-adsorbing Br 
and adsorbing rhodamine (WT) dye tracer in a tile drain within the first 4 h after the initiation 
of irrigation. Kladivko et al. (1991,1999), Kung et al. (2000a, 2000b), and Jaynes et al. 
(2001) found early breakthrough of pesticides as well as Br in tile drains following 1 to 2 cm 
of water application. In order to better understand the areas prone to chemical leaching due to 
preferential flow, knowledge of spatio-temporal variation in solute transport properties of soil 
is needed. Most of the measurement techniques for quantifying preferential movement of 
chemicals either involve soil excavation or are limited to lysimeters and undisturbed soil 
columns. Since it is rarely feasible to conduct large-scale solute transport experiments 
through the soil profile, there is a need to develop techniques with minimal labor and soil 
disturbance that allows accurate prediction of subsurface solute leaching. 
One possible approach is to combine surface solute transport measurements with a 
solute transport model to predict the subsurface leaching of chemicals. For instance, Jury et 
al. (1982) and Butters and Jury (1989) used their shallow soil depth (0.30 m) measurements 
and a convective lognormal transfer (CLT) model (Jury, 1982) to predict solute flux 
concentrations at depths of 1.8 and 3 m. Recently, Lee et al. (2002) and Gaur et al. (2003) 
reported that the soil surface (top 2 cm) solute transport properties measured by time domain 
reflectometry (TDR) combined with a non-equilibrium mobile-immobile (MIM) prediction 
model (Toride et al., 1993) could be used to predict chemical leaching in 20 cm long 
undisturbed soil columns and in 30 cm deep soil profiles, respectively. Although, the MIM 
model has used the measured soil surface solute transport properties to successfully 
extrapolate surface solute concentrations to 20 or 30 cm, the MIM model may not be able to 
account for solute spreading at deeper depths. In order to address the complexity of solute 
transport in heterogeneous soils, Jury et al. (1982) introduced a stochastic CLT model that is 
based on the hypothesis that solute travel times diverge at a rate proportional to the square of 
the distance from the input boundary as opposed to convective dispersion, CDE, (Parker and 
van Genuchten, 1984) or MIM models where rate of divergence is proportional to the first 
power of distance. Butters and Jury (1989) reported that the CLT model parameters 
calibrated for flux concentrations in solution samplers installed at 0.3 m were able to provide 
better predictions of flux concentrations at a depth of 3 m in the field than that of the 
deterministic CDE. For some field conditions, the CLT model may provide better predictions 
at deeper depths in the field than the CDE or MIM models. In tile drained fields, the CLT 
model has only been curve fitted to the tile drain flux concentrations (Heng et al., 1994; 
Mageson et al., 1994, Heng and White, 1996), however, no study has been performed to test 
whether the CLT model can be used to accurately predict tile flux concentrations based on 
using surface resident concentration measurements. If surface measurements can be used to 
accurately predict the tile flux concentrations, there will be a convenient method for 
assessing the effects of crop and tillage management practices on chemical leaching. 
The CLT model basically uses shallow depth measurements and a depth scaling 
property to predict solute leaching at deeper depths. The depth scaling property of CLT 
implies a perfect correlation of solute travel times with depth in the vertical direction. In tile 
drained fields, however, water flow is not be strictly vertical. Water and chemicals may move 
primarily vertically through the unsaturated zone, and then move in a two-dimensional 
manner in the saturated zone along curved streamlines to the tile drain. The travel times in 
unsaturated and saturated layers of a tile drained field may or may not be correlated. Jury and 
Roth (1990) suggested that uncorrected or independent travel times might apply for solute 
transport to a tile drain where flow through the upper zone of unsaturated soil has different 
characteristics than that through the saturated zone around the drain pipe. Utermann et al. 
(1990) used an exponential distribution function to simulate solute travel times in the 
saturated zone of a tile drained field. Presently, it is not known whether the CLT model alone 
can accurately simulate tile drain flux concentrations by using surface resident concentration 
measurements or if the CLT model needs to be combined with a second model such as the 
exponential model used by Utermann et al. (1990) in order to account for travel time 
differences between the unsaturated and saturated zones. Further research is needed to 
determine how to apply transfer function models to chemical transport in tile-drained fields. 
The objectives of this study were to measure the surface solute transport properties and tile 
flux concentrations in a strip-cropped field, and to determine whether the surface 
measurements can be incorporated into a transfer function model in order to accurately 
predict tile flux concentrations. A one-dimensional CLT model and a CLT model combined 
with an exponential model were used to predict the tile flux concentrations. 
Theory 
Jury (1982) introduced stochastic lognormal transfer (CLT) functions that could be 
used to model solute transport of complex systems in a simple way by characterizing the 
output flux as a function of the input flux or resident flux. The CLT model assumes that 
solute moves by convection at different velocities in individual flow tubes without mixing 
between adjacent tubes. Adopting such a model means that, once the probability distribution 
function (pdf) of solute travel time or pathlengths (the transfer functions) between input and 
output surfaces separated by a depth, /, has been defined, the transport of the solute to other 
depths can be predicted. The theory is based on the linearity of the solute transport process. 
Solute fluxes such as tile drain fluxes in the field leaving the soil profile are obtained by 
convoluting the solute input function with the transfer functions. Solute transport from the 
surface to the tile was modeled in two ways: one-dimensional flow from surface points of 
entry to the tile depth (or water table), and two-dimensional flow that includes travel time 
from the surface to the water table and from points of entry at the water table to the tile drain. 
The procedure of determining the flux and resident concentrations for both modeling 
approaches is described below. 
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For a rectangular-pulse chemical input at the surface, with input concentration (C,„) as 
C0 for a duration of t0, followed by zero concentration solution input, i.e. 
Ch 
|C. 
0  t > t „  [1] 
the resulting output solute flux and resident concentrations can be described by: 
C (%,') = \ C
k { z , t )  ® < t  < t 0  
[2] 
Where, C(z, t) is the solute concentration at depth z and time t. The superscript k can be 
replaced by/for flux concentration or r for resident concentration. 
The probability distribution function (pdf) for one-dimensional solute transport can be 
described by a CLT function model. The cumulative probability distribution functions or the 
resulting flux, Cf(z,t) and resident, C(z,t) concentrations can be described by (Ellsworth et 
al., 1996): 
C'(z,f) = ^  
f 
1  +  e r f -
In 




C ( z , t )  =  
2 \ 









where, the wetted depths z  =  z 9 ,  I  = 1 6 .  6  is the volumetric water content, and / is the 
reference depth. The constant hi is the logarithmic mean of solute travel time to / and oy2 is 
the corresponding variance. Jw is input or drainage flux density. The resulting flux and 
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resident concentrations for a rectangular pulse input can be determined by putting Eq. [3] and 
[4] in Eq. [2], respectively. The input flux Jw, and CLT parameters, m and oy for reference 
depth, I can be determined by fitting Eq. [2] to the measured concentrations. The travel time 
transfer function parameters (u/ and ai) can be further transformed into cumulative irrigation 
depth function parameters (JUJ and ai) by the following relationships: 
jUj= ju,+ln(Jw) 
[5] 
These transformed cumulative irrigation/drainage functions can be used in Eq. [3] and Eq. 
[4] after replacing t with cumulative irrigation, /, and setting Jw equal to 1 and unitless. 
One-Dimensional Model 
Jury (1982) and Jury et al. (1986) reported that the solute travel time distribution at 
the reference depth, I, may be projected to depths greater than I to model the solute transport 
in deeper soil. The CLT uses a lognormal solute travel time pdf, f(l) and projects solute 
movement beyond the depth of calibration by assuming that the solute travel times through 
deeper soil "layers" are perfectly correlated. This provides the following travel time pdf from 
the surface to depth z (i.e. the solute concentration at depth z): 
Ui)=~aa iz )  [6]  
Subsequently, the reference depth for our transfer function parameter estimates was 
adopted as being equal to the tile depth. The solute transfer parameters /// and ai, were 
determined by fitting Eq. [2] and [4] to the measured surface resident concentrations that 
were later used with Eq. [2] and [3] to predict the tile flux concentrations. 
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Two-Dimensional Model 
The travel time in terms of cumulative drainage, I, from the surface points of entry to 
the tile can be divided into two sections: (i) the drainage lu required for solute to move from 
the surface to the water table; (ii) the drainage Is required for solute to move through the 
saturated zone to the tile drain. The cumulative distribution function of the solute 
concentration at a depth z is determined by: 
C {  ( z , I )  =  [7] 
Where, f(z, Iu, Is) is the joint pdf of Iu, and /$. If the transport paths through the vertical profile 
and water table path are uncorrelated, which is quite likely to be true in a tile-drained field, 
then the joint pdf may be written as the product of the pdf s through the individual zones and 
can be solved by convolution integral (Jury and Roth, 1990): 
f(z, /„ , / , )  =  /„  (z , /  =  /„+/ , )={ /„  (z, /„ )/,(/- I, )dlu [g] 
As a result, for a rectangular pulse input during 0<t< t0 (or 0<I< I0), Eq. [7] can be rewritten 
as: 
c {  (zj)  =  f c„ ( / -  r ) f„(z, r ) d r  [ 9 ]  
In Eq. [8], the solute transfer function, fu(z, I J, from the surface to the water table was 
considered to follow the CLT pdf (Jury et al., 1986): 
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For commonly used drain spacings, the chemical transport in the saturated zone to the 
tile,^ (D can be represented by a gamma distribution function (Utermann et al., 1990): 
[11] 
Where, a is a gamma or factorial function parameter, P is a scale factor (= r]/(S9)), and rj is 
the ratio of tile spacing, S, to the depth of impermeable layer, D, below the tile drain. 
Utermann et al. (1990) determined the gamma function parameters by using the estimated 
travel time by Jury (1975) and found that the best gamma fits were obtained for a= -0.05 for 
7 = 2.5 (deep impermeable layer) and a = 0 for rj =10 (shallow impermeable layer). 
Commonly, used tile spacings are more likely to be in the range of ij = 10. Subsequently, for 
values of rj near 10, Eq. [11] can be simplified to the following exponential model: 
./;(/,) = /?exp[-/U [12] 
The pdfs in Eq. [12] (or [11]) and [10] were combined in Eq. [8] in order to determine the 
joint pdf for solute travel from the surface to the tile drain. This joint pdf was further applied 
in Eq. [9] to determine the solute concentration in the tile during tracer input. The 2-D 
prediction of tile flux concentrations as a result of a rectangular pulse input were obtained by 
putting Eq. [9] in Eq. [2]. 
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Materials and Methods 
Site Description 
The study was performed at the Iowa State University Agronomy and Agricultural 
Engineering Research Center near Ames, Iowa during the fall season of 2002 on a field plot 
under a chisel-plow and strip-cropping system. The study was focused on three crop strips 
consisting of soybean (Glycine max L. Merr ), corn (Zea mays L.), and oat (Avena L.) 
(Figure 1). The crops were harvested prior to conducting the experiment. A plot 14 by 14 m 
was selected above a tile drain. The tile drain was situated at an average depth of 110 cm. 
The soil at this site is predominantly Nicollet loam (fine loamy, mixed superactive, 
mesic Aquic Hapludolls) in the Clarion-Nicollet-Webster soil association (USDA-SCS, 
1981). The glacial till derived soil is poorly drained, and moderately permeable. 
Instrumentation 
A portable irrigation system with four Gilmour oscillating sprinklers (Model# 9836z) 
was used to apply the water and solutions at a rate of approximately 0.2 to 0.3 cm hr-1. An 
on-off switch was used in order to maintain the desired rate. During tracer application, the on 
and off times were set to 30 s and 30 s, respectively that resulted in irrigation rate of 0.3 cm 
hr"1. In order to minimize ponding in the interrows, the off time was increased to 45 s during 
water application and the sprinklers attained an irrigation rate of 0.2 cm h"1. Tipping bucket 
rain gages coupled with a datalogger were used for monitoring the sprinkler irrigation rate at 
a total of nine locations. Simultaneously, the drainage rate and the electrical conductivity 
(EC) of the tile drainage water were recorded continuously. The EC of drainage water was 
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recorded by installing an EC probe (CS547A, Campbell Scientific Inc.) at the tile outlet. In 
addition to an EC probe, an ISCO-3700 sampler was used to collect hourly water samples, 
which were later analyzed in the laboratory for EC. 
The field plot was pre-irrigated with well water having an electrical conductivity (EC) 
of 0.68 dS m"1 for 240h until a steady-state water condition was attained. After reaching the 
steady-state condition, 17.9 cm of calcium chloride (CaCl^) solution (14.4 g L"1) with an EC 
of 23 dS m"1 was applied through the sprinkler system. The solute was applied for 78 h at an 
average rate of 0.23 cm h"1 and was followed by an additional well water application for 92 h 
at an average rate of 0.21 cm h"1. 
Time domain reflectometry (TDR) probes were used to determine the near-surface 
chemical transport properties by measuring the bulk EC in the surface 2 cm of soil. In order 
to ascertain the distribution of solute transport properties near the surface, a total of 45 TDR 
probes were installed at different locations including crop row, traffic, and non-traffic 
interrows (Figure 1). 
The TDR equipment consisted of two-rod probes (3.8-mm diameter and 100-mm long), 
a cable tester (model 1502B, Tektronix Corp., Redmond, OR) and a computer program to 
store and analyze the data. The 45 probes were connected to the cable tester via a multiplexer 
setup. The TDR probes were inserted at an 110 angle from the surface to a depth of 2 cm so 
as to minimize soil disturbance. During the pulse input for the steady state leaching 
experiment, relative solute concentrations R(t) can be represented as (Lee et al., 2000): 
C(f)-C, ECa(f)-ECa, 
C0-C, ECa0 - ECa, t13] 
where C, is background solute concentration, C0 is input solute concentration, ECcij is TDR-
measured EC for C„ and ECa0 is TDR bulk EC corresponding to C0. Under steady-state 
conditions, because of the linear relationship between ECa and C, one can determine 
normalized resident concentrations, R(t), of breakthrough curves (BTCs) by using Eq. [13]. 
In this study, ECa(t) as a function of time was determined with the aid of the Win TDR99 
(Or et al., 1998) computer program. It was assumed that each TDR probe measured the 
average bulk soil electrical conductivity of the soil surrounding the probe. 
Data Analysis 
Example surface relative resident concentration (determined by TDR) versus 
cumulative irrigation during the pulse application are shown in Figure 2. The observed 
resident concentration during the chemical application did not display the expected 
asymptotic shape during chemical application (during 0<t< t0). Instead the TDR 
measurements showed diurnal fluctuations. These fluctuations can partly be attributed to 
interruptions in tracer input caused by sprinklers' malfunctioning during the first two nights 
of tracer application. Other causes were diurnal fluctuation of surface temperature and 
variation in the input concentration due to evaporation from the sprinkler water drops and 
surface soil water. The evidence of evaporation effects was independently supported by 
surface soil samples that were collected at the time of peak TDR EC readings prior to 
switching from chemical to water application (t = tQ). The surface soil samples collected at 
TDR locations had greater solution chemical concentrations than the input solute 
concentration. Because the water application following the chemical application (t > tQ) took 
place during the night when evaporation was minimal, the majority of the resident 
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concentration curve step down occurred during the night when evaporation was minimum. 
Thus, in order to minimize the effects of sprinklers malfunctioning and diurnal fluctuations 
of temperature and evaporation, only the falling portion (t > t0) of the concentration curves 
was selected for analysis. We assumed that after 16 pore volumes (I0) of tracer solution input 
prior to water application, the chemical was uniformly distributed in the top 2-cm soil layer 
around the TDR probes. Subsequently, the TDR EC readings were normalized with respect 
to the maximum EC (Co = ECa0) in the soil at each location when t = ta. The CLT model was 
fitted to these measured relative resident (EC) concentrations in order to determine the CLT 
model parameters, Jw, ///, and a\. The estimated transfer parameters were transformed to 
irrigation transfer function parameters fi] and <7/ (Eq. [5]) that were used to predict the tile 
flux concentrations. The tile flux concentrations were predicted by using 1-D and 2-D models 
by putting Eq. [3] and Eq. [9] in Eq. [2], respectively. In 2-D model, the shallow barrier 
condition (TJ= 10) was employed based on the information available on soil properties in the 
experimental plot. Subsequently, the constant /? in Eq. [12] was taken equal to 0.063 with 
equivalent (average distance of farthest measurement locations from tile drain) spacing, S, of 
400 cm and satiated water content of 0.40. 
The goodness of fit was evaluated by root mean square error, RMSE and coefficient 
of efficiency, E (Nash and Sutcliffe, 1970). E is one minus the ratio of mean square error to 
the observed data variance. E can range from minus infinity to unity. The confidence interval 
of fitted CLT parameters was estimated with the method suggested by Draper and Smith 
(1966) for nonlinear estimations. 
In order to predict the tile flux concentrations from surface measurements, two forms 
of estimated transfer function parameters were used: local-scale parameters and field-scale 
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parameters. The local-scale transfer function parameters were determined by averaging the 
parameters obtained at all 45 TDR locations. The field-scale transfer function parameters 
were obtained by fitting Eq. [5] to an area-averaged resident concentrations. The area-
averaged concentrations were determined by averaging the chemical concentrations over all 
45 locations for each time increment. The area-averaged concentrations represent the solute 
transport properties of the tile-drained field by considering the soil to be a well-mixed system 
(Jury and Roth, 1990 and Scotter et al., 1991). 
Results and Discussion 
On average, the chemical tracer was applied at a net irrigation rate of 0.21 cm h"1 for 
78 hours totaling a net water (irrigation-evaporation) depth of 16.3 cm followed by 17.4 cm 
(0.19 cm/h) of net water application in 92 h (Table 1). A total of 33.7 cm of irrigation was 
applied after the start of tracer application. 
Near-surface TDR Measured Concentrations 
During the water application following the application of tracer, the decrease in EC 
was rapid. After the application of 7 cm of water, the resident EC approached the initial 
background resident EC (Figure 2). The fitted logarithmic mean irrigation depths, ///, and 
standard deviations, <TJ , for all 45 locations are summarized in Table 2. The coefficients of 
efficiency, E, ranged from 0.91 to 0.99. For the reference depth of 110 cm, the pij ranged 
from 3.08 to 3.74 (ln(cm)) with an average value of 3.44 ±0.18 (ln(cm)) (Table 2). As shown 
in the frequency diagram (Figure 3), 87% of the 45 measurement locations showed /// in the 
range of 3.2 to 3.8 (ln(cm)). On average, oy was found to be 0.94 ±0.19 (ln(cm)). Sixty nine 
percent of the 45 locations showed ay in the range of 0.7 to 1.1 (Figure 3). The large values of 
oy suggest large heterogeneity in solute flow that can be attributed partly to variation in 
irrigation rate uniformity and partly to surface soil heterogeneity. 
The measurement locations included soybean, corn, and oat crops. The one way 
Anova test indicated that CLT parameters were not affected significantly by crops. 
Therefore, statistical average of all 45 locations was considered for CLT parameters analysis. 
The surface transfer function parameters measured at 45 locations were integrated in two 
ways in order to predict the tile flux concentrations: by averaging the local-scale transfer 
parameters for all measurement locations (local-scale parameters) and transfer function 
parameters determined by area averaged concentrations for all 45 locations (field-scale 
parameters). As shown in Table 3, the field-scale surface transfer function parameters, /// and 
oy, were found to be 3.36 and 1.04, respectively. Overall, the average local-scale transfer 
function parameters were not significantly different from the field-scale surface parameters. 
Similarly, Gupte et al. (1996) found small differences between field-scale and local-scale 
parameters. In contrast, Jacques et al. (1997) found greater differences between the local-
scale and field-scale transfer function parameters particularly near the surface in unsaturated 
soil. They found larger //, at the local-scale than at the field-scale. 
In order to compare these results with results from previous studies, the estimated 
transfer function parameters were transformed for a reference depth of 30 cm. The resulting 
average local-scale ///and oy were 2.14 and 0.94, respectively. These values were found 
within the range of values reported in past studies. For example, Vanderborght et al. (1996) 
installed horizontal TDR probes at different depths in a lysimeter having a 1 m deep 
undisturbed layered sandy soil monolith and found that pii and ay in the surface layer (7.5 cm 
depth) were 2.80 and 1.01 respectively. Furthermore, Gasser et al. (2002) conducted a 
leaching study in a potato field with sandy soil and determined transfer function parameters 
for Br resident concentration in the soil profile of 105 cm around the lysimeter. They 
reported values of ///ranging from 1.05 to 1.28 and ay ranging from 0.85 to 1.59. 
Conversely, Ellsworth et al. (1996) reported /// (2.16) similar to those found here but lower 
<7/ (0.22) for their fine sandy loam soil. 
Observed Tile Flux Concentration 
As shown in the tile flow hydrograph (Figure 4), the tile started flowing soon after 
irrigation commenced. The tile flow began after 6 cm of irrigation (23 h later), which is much 
lower than the approximate soil profile pore volume of 45 cm. It took about 4 days to get 
steady flow in the tile drain. The drain flow fluctuated following a rainfall of 3.3 cm on 
October 4-5, 2002. After irrigating for 240 h with well water, the tracer (CaClz) application 
was started on October 8, 2002. The irrigation rate was adjusted to minimize ponding on the 
surface and was reduced from 0.30 cm hr"1 to 0.23 cm hr"1 and 0.21 cm hr"1 during tracer and 
water applications, respectively. After the stoppage of irrigation, the drain flow rates dropped 
rapidly and one day later, the drain was flowing at 10% of its steady state flow. From the 
tracer pulse net irrigation application of 33.7 cm, 68% (22 cm) was recovered in tile flow 
(Table 1). It is envisaged that the fraction (32%) of the total inflow not captured by the tile 
drain, moved away by lateral flow or deep percolation (Table 1). The sudden drop in the 
drain flow soon after the stoppage of irrigation indicated that the water table was near the tile 
depth and/or the drainable porosity was less. 
The tile flux breakthrough curve (Figure 5) shows the change in relative EC with 
time. The change in tile flux EC was noticeable after 24 h when the irrigation depth was 5.6 
cm compared to an approximate profile pore volume of 45 cm. Such evidence of preferential 
flow in tile-drained fields has been documented in earlier studies as well (Everts et al., 1989; 
Kladivko et al., 1991, 1999; Kung et al., 2000a, 2000b; and Jaynes et al., 2001). A relative 
flux concentration of 0.31 was observed in the tile effluent following an irrigation of 33.7 cm 
(171 h after the start of pulse application). Overall, the tile flow captured 14% of the total CI 
applied during the study period. 
Modeling Tile Flux Concentration 
The CLT model was fitted to the observed tile flux concentrations. The model fitted 
the data well with an E of 0.99 (Figure 5). The transfer function parameters, /// and oy for the 
tile flux concentration ETC, were determined with respect to applied irrigation rate in order 
to compare with the surface transport function parameters. As a result, the values of hi and a/ 
were found to be 3.76 and 0.60 for a reference depth, / = 110 cm, respectively. For 
comparison, Mageson et al. (1994) reported a comparatively low value of /// (2.88) and large 
value of ai (1.15) for mole pipe drainage located at 0.45-m depth and 2-m spacing in a silt 
loam soil under unsaturated conditions. 
The value of /xj (3.76) for tile flux concentration was larger than for the surface 
resident concentrations (3.44). The tile measurements indicated that a larger amount of water 
is required to move a solute to a certain depth than was estimated by the surface 
measurements. One of the obvious reasons of a larger fii for the tile ETC is the actual travel 
distance from measurement locations that is larger than the tile depth assumed during surface 
parameters estimates. As the measurement locations positioned at relatively large distance 
from the tile drain would require more irrigation to move solute to the drain than the 
locations above the tile drain. Ellsworth et al. (1996), Persson and Bemdtsson (1999), and 
Gasser et al. (2002) also reported larger mean irrigation depth, pii for flux concentrations than 
those estimated from the resident concentrations. 
The gi determined from the surface (0.94) was significantly larger than the oy (0.60) 
from tile data. The large surface oy suggests that the surface had a relatively large solute flow 
heterogeneity. Relatively large surface values of oy were in agreement with previous studies 
(Jury et al., 1982; Dyson and White, 1989; Vanderborght et al., 1996; Persson and 
Bemdtsson, 1999; and Gasser et al., 2002). For all of the previously reported studies, oy was 
larger at shallower depths than at deeper depths. For most of the previous studies, the 
shallowest depths ranged from 7.5 cm to 30 cm as opposed to the surface 2 cm used in this 
study. 
The predicted tile flux concentrations determined by using the near-surface transfer 
function parameters in the 1-D and 2-D models are shown in Figure 5. The 1-D model 
predictions show an earlier peak and greater peak concentrations than the observed tile flux 
concentrations with a root mean square error (RMSE) of 0.123 and coefficient of efficiency, 
E of -0.47 (Table 3). Jury et al. (1982) and Butters and Jury (1989) used transfer function 
parameters calibrated for a 30-cm depth. They found that the CLT model was overpredicting 
the flux concentration at greater depths. Their overpredictions were partly attributed to the 
losses of the chemical past the solution samplers and missing water and chemical recovery. 
The early predicted chemical break-through in our case can be attributed to the assumption of 
1-D flow. The 1-D approach assumes that the solute travel distance is equal to the tile depth 
only (110 cm) and ignores the additional solute travel distances along the curved streamlines 
from the water table to the tile drain. 
The 2-D model uses an exponential distribution function to include the travel time 
distribution below the water table from the points of entry to the tile drain. The predicted tile 
flux concentrations by using local-scale 1 -D CLT parameters and the 2-D model were close 
to the observed tile flux values with a RMSE of 0.023 and E of 0.94 (Table 3 and Figure 5). 
The predictions made by local-scale transfer function parameters provided numerically better 
estimates than the field scale parameters (RMSE = 0.032, E = 0.89). Overall, the tile flux 
concentrations during the chemical application period were overpredicted and they were 
underpredicted following the water application. The possible explanations for this 
discrepancy between measured and predicted values are that the equivalent area contributing 
to tile flow was smaller than the assumed area in the model and/or that the soil area above the 
tile drain was contributing to the tile flux at a slower rate than the rate assumed by the 
exponential travel time distribution model. The predictions close to observed concentrations 
indicate that the delay of water within the soil profile before reaching the tile drain was well 
accounted for by the 2-D model. 
The findings suggest that a CLT model coupled with an exponential distribution 
model (2-D model) that makes use of surface solute transport properties is able to describe 
solute leaching to a tile drain. The CLT model used in this measurement technique is 
applicable under heterogeneous soil conditions. The 2-D modeling technique performed well 
under our soil conditions, but the technique may not be able to describe subsurface leaching 
under layered soil condition where lateral flow may dominate. For example, Butters and Jury 
(1989) were successful in accurately predicting the flux concentrations down to a depth of 3 
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m, but due to a significant change in soil texture at 3 m, the flux concentrations at 4.5 m were 
underpredicted. 
Since it is often impractical to conduct large-scale experiments through the entire 
vadose zone, the surface TDR measurement technique coupled with a 2-D transport model, 
should offer a means for realistic estimation of subsurface leaching in tile-drained fields. 
Generally, drains are installed above impervious layers; therefore, in general, it is unlikely 
that significant horizontation leading to dominant lateral flow will be encountered at depths 
shallower than the tile drain. 
Summary and Conclusions 
There is a need for a field solute transport measurement technique that requires 
minimal labor and soil disturbance. Most of the techniques for subsurface leaching 
measurements lead to extensive excavation or soil disturbance. An alternative approach can 
be the coupling of surface measurements with a transport model in order to predict 
subsurface leaching. A field experiment was conducted in central Iowa to test whether 
surface TDR measurements can be used in such a way for accurate prediction of subsurface 
tile flux concentrations. The field experiment was conducted in a tile-drained field plot 14 by 
14 m. Water with relatively small electrical conductivity (EC) was applied to the plot by a 
portable sprinkler system until a steady-state water condition was attained. After reaching the 
steady-state condition, a pulse of high EC (23 dS m"1) water was applied to the plot by a 
sprinkler system. A one-dimensional (1-D) convective lognormal transfer (CLT) model was 
fitted to the observed surface concentrations in order to determine the surface transfer 
function parameters. The surface CLT parameters, /// and oy, were found to be 3.44 and 0.94, 
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respectively, for a reference depth of 110 cm. These surface parameters were later used for 
prediction of the tile flux concentrations by 1-D CLT and 2-D models. The 1-D model 
predicted earlier breakthrough of tile flux concentrations than the observed concentrations 
with a root mean square error, RMSE of 0.123 and E = -0.47. The 1-D model only included 
vertical solute travel to the tile depth while ignoring any lateral travel distances from the 
water table to tile drain. The 2-D model included lateral travel below the water table to the 
tile drain. The 2-D model predictions of tile flux concentrations were similar to the observed 
values (RMSE = 0.023, E = 0.94). The TDR is a promising tool for determining surface 
solute transport properties. These findings suggest that a surface TDR measurement 
technique coupled with a 2-D model, can offer realistic estimates of subsurface leaching in 
tile drained fields. 
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Table 1. Water and chemical tracer application during the pulse input in the study plot 
Tracer Water 
Parameters Total (0<t<to) (t>to) 
Inflow, cm 16.3 17.4 33.7 
Outflow, cm 11.1 11.8 22.9 
(%) (68.1) (67.6) (67.8) 
Missing, cm 5.2 5.6 10.8 
(%) (31.9) (33.4) (32.2) 
Table 2. Convective lognormal transfer function parameters 









Mean 3.44 0.94 
Median 3.46 0.94 
Min. 3.08 0.56 
Max. 3.74 1.28 
Std. Dev. 0.18 0.19 
C.I. (95%) 0.05 0.06 
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square error E 
Tile Flux Curve fitted 3.756 0.599 0.00039 1.0 
concentrations (±0.004) (±0.004) 
Local-scale 1-D model 3.44 0.94 
0.123 -0.47 
2-D model 0.023 0.94 
Field-Scale 1-D model 136 1.04 
0.146 -1.07 
2-D model 0.032 0.89 
fReference depth, 7=110 cm. 
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Figure 1. Field experiment layout (S# and R# refer to sprinklers and rain gauge locations. 
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Figure 2. Measured and fitted surface resident concentrations (both circles refer to observed 
concentration and solid lines refer to the fitted concentration with solid circles) 
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CHAPTER 5. GENERAL CONCLUSION 
The purpose of this dissertation was to develop a surface measurement technique by 
using time domain reflectometry (TDR) and evaluate whether the surface measurements 
could be extrapolated in order to predict subsurface leaching. The technique was first tested 
in a greenhouse soil pit containing disturbed soil, and it was later tested in a cropped tile-
drained field. 
Greenhouse Study 
A TDR equipment with a dripper system was used in the greenhouse to determine the 
surface (top 2 cm) solute transport properties. The solute transport properties of the surface 
2-cm soil layer were determined by using TDR to measure the bulk electrical conductivity 
(EC) during a step application of calcium chloride solution. The movement of chemicals in 
the subsurface was measured within the top 30-cm soil layer following a pulse input of 
calcium chloride solution. The mobile-immobile (MIM) model was used to compare the 
surface and subsurface transport properties in a greenhouse soil. 
The surface and subsurface MIM model properties, including immobile water fraction 
(Oimfi), mass exchange coefficient (a), and dispersivity (A), were determined. Both at the 
surface and in the soil profile, the Xs were similar with average values of 1.02 (± 0.4) cm 
and 1.28 (± 0.68) cm, respectively. Similarly, surface and subsurface 6imfl, with values of 
0.28 (±0.02) and 0.31 (±0.06), respectively, were not significantly different. However, the 
average surface and subsurface a values were different, most of a values were zero, and 
therefore, their medians were close to zero. 
The estimated parameters determined by the surface TDR method were used to 
predict the chemical concentration distributions within the 30-cm soil layer. It was found that 
the average centers of mass from predicted and observed resident concentration distributions 
were similar including surface and subsurface values of 13.5 cm (±0.81) and 13.8 cm 
(±0.62), respectively. Therefore, surface TDR measurements could be used to successfully 
predict subsurface chemical transport within the upper 30 cm of the disturbed soil. 
Tile-Drained Field 
An experiment was conducted in a strip-cropped tile drained field. Surface and 
subsurface measurements were made at plant-row, non-traffic interrow, and traffic interrow 
positions in soybean, crop, and oat crops. The TDR setup was used to record the change in 
surface (top 2 cm) soil EC at 45 locations following a rectangular pulse input. The subsurface 
measurements were made by determining solute concentration distributions in the soil profile 
at 45 locations following the pulse application. The tile flow and its chemical concentration 
were measured continuously. A one-dimensional (1-D) model, convective dispersion 
equation, CDE, and convective lognormal transfer function (CLT) parameters were used to 
determine the surface and subsurface solute transport properties. The following conclusions 
were drawn from the study: 
• Of the net water applied (33.7 cm) during the pulse input, 69% was captured by 
the tile drain. The chemical mass balance analysis showed that 14% of applied 
chemical (Chloride) was lost via tile drain and 59% was recovered in the 120 cm 
soil profiles. The missing fractions of chemical (27%) and water (32%) were 
similar. The water and chemicals were lost via lateral flow and deep percolation. 
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• The surface and subsurface soil transport properties both indicated larger pore 
water velocity and smaller dispersivity, A, in plant-row zones than in traffic-
interrow zones under corn and soybean. No significant difference in A was 
observed in management zones of the oat crop. 
• Overall, the average soil profile A (2.68 ± 1.61 cm) was larger than the surface 
soil A (0.91 ± 0.39 cm). The median surface and soil profile A's were 0.84 cm and 
1.85 cm, respectively. The coefficient of variability in soil profile A values (60%) 
was larger than in surface soil (43%). A main reason for the different A values 
was that the surface transport was primarily one-dimensional while multi­
dimensional transport led to the profile concentration distributions. The flow 
heterogeneity in soil profile caused greater solute spreading than the one-
dimensional flow in surface soil. 
• A 1-D convective lognormal transfer, CLT model, which accounts for change in 
dispersivity with depth and a 2-D model (CLT function combined with an 
exponential function) were used to make the tile solute flux predictions. 
• On an average, the surface CLT parameters, log mean irrigation depth, /// and its 
standard deviation, oy, were found to be 3.44 and 0.94 (ln(cm)), respectively for a 
reference depth of 110 cm. 
• The 1-D CLT model predicted an earlier arrival than that observed for the time of 
chemical movement to the tile drain. The root mean square error, RMSE, of the 1-
D CLT predictions was 0.123 and coefficient of efficiency, E, was -0.47. The 2-D 
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model predictions of tile flux concentrations were similar to the observed values. 
The RMSE was 0.023, and the E was 0.94. 
• The findings suggest than in this field soil, the surface solute transport properties 
determined by TDR could be combined with a 2-D transport model to make 
reasonable predictions of tile flux concentrations. 
Overall Conclusions 
The surface transport properties with a 1 -D model were successful at describing the 
subsurface solute transport in 30-cm disturbed soil profile. In a strip-cropped tile-drained 
field, the surface and soil profile (120 cm) dispersivities indicated the impacts of 
multidimensional flow within the soil profile. As a result, surface measured transport 
properties combined with 1 -D model predicted too early arrival of solute into the tile drain. 
The tile flux concentrations were best predicted by a 2-D model coupled with surface solute 
transport properties. It can be concluded that the TDR is a useful tool for surface solute 
transport properties measurements and for subsurface solute leaching predictions. 
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APPENDIX: DATA AND ADDITIONAL TABLES 
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Average 0.72 10.1 9.85 0.28 0.040 1.02 0.99 
f Values in parenthesis are confidence intervals at 0.05 probability level. 
% Determined by Clothier et al. (1992) method. 
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Chapter 3.1. Irrigation input measured by tipping bucket raingauges 
Raingauge Chemical Water Total 
I0 (cm) Iw (cm) I (cm) 
R1 18.29 11.79 30.07 
R2 2158 31.42 57.00 
R3 10.52 11.94 22.45 
R4 13.13 17.93 31.06 
R5 16.87 3166 52.53 
R6 16.38 20.90 37.29 
R7 10.52 8.56 19.08 
R8 18.11 16.66 34.77 
R9 31.98 17.53 49.50 
Average 17.93 19.15 37.08 
Inflow 17.93 19.15 37.08 
Outflow 11.07 10.30 21.37 
Irrigated area (m2) 204 181 192 
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Chapter 3.2. Estimated net irrigation at measurement locations. 
Site # Crop Lateral Longitudinal Row/ Chemical Water Total Depth 
distance (m) distance (m) Interrow I0(cm) I» (cm) I (cm) 
1 Soybean 1 0.75 PR 16.92 13.67 30.59 
2 Soybean 1 1.88 NIR 16.70 14.68 31.38 
3 Soybean 1 2.63 TIR 16.64 13.73 30.37 
4 Soybean 3 0.75 PR 18.02 17.27 35.30 
5 Soybean 3 1.88 NIR 17.65 17.20 34.85 
6 Soybean 3 2.63 TIR 17.34 18.46 35.80 
7 Soybean 5 0.75 PR 22.21 28.33 50.54 
8 Soybean 5 1.88 NIR 19.00 27.14 46.15 
9 Soybean 5 2.63 TIR 17.45 26.34 43.78 
10 Soybean 7 0.75 PR 15.92 18.43 34.36 
11 Soybean 7 1.88 NIR 14.60 15.33 29.93 
12 Soybean 7 2.63 TIR 14.56 15.86 30.42 
13 Soybean 9 0.75 PR 14.60 13.45 28.05 
14 Soybean 9 1.88 NIR 13.51 13.62 27.13 
15 Soybean 9 2.63 TIR 13.83 14.44 28.27 
16 Corn 1 4.50 PR 15.20 19.54 34.75 
17 Corn 1 5.63 NIR 13.96 16.16 30.12 
18 Corn 1 6.38 TIR 13.47 14.80 28.27 
19 Corn 3 4.50 PR 15.52 21.45 36.96 
20 Corn 3 5.63 NIR 14.29 19.86 34.15 
21 Corn 3 6.38 TIR 13.89 17.04 30.93 
22 Corn 5 4.50 PR 15.68 29.82 45.50 
23 Corn 5 5.63 NIR 15.53 29.61 45.15 
24 Corn 5 6.38 TIR 15.78 24.29 40.08 
25 Corn 7 4.50 PR 15.44 21.74 37.18 
26 Corn 7 5.63 NIR 15.91 21.52 37.44 
27 Corn 7 6.38 TIR 16.75 20.29 37.04 
28 Corn 9 4.50 PR 15.54 20.30 35.84 
29 Corn 9 5.63 NIR 16.33 19.81 36.14 
30 Corn 9 638 TIR 17.31 19.25 36.56 
31 Oat 1 8.25 PR 12.77 9.89 22.66 
32 Oat 1 9.38 NIR 12.80 10.59 23.38 
33 Oat 1 10.13 TIR 13.56 11.54 25.10 
34 Oat 3 8.25 PR 13.42 11.04 24.46 
35 Oat 3 9.38 NIR 13.53 10.57 24.10 
36 Oat 3 10.13 TIR 14.31 10.96 25.26 
37 Oat 5 8.25 PR 16.48 16.20 32.68 
38 Oat 5 9.38 NIR 16.76 15.43 32.19 
39 Oat 5 10.13 TIR 17.08 14.10 31.18 
40 Oat 7 8.25 PR 20.67 18.60 39.26 
41 Oat 7 9.38 NIR 21.76 18.38 40.14 
42 Oat 7 10.13 TIR 20.79 16.47 37.27 
43 Oat 9 8.25 PR 21.45 17.52 38.97 
44 Oat 9 9.38 NIR 22.55 20.52 43.08 
45 Oat 9 10.13 TIR 21.55 15.74 37.29 
Average 16.42 17.80 34.22 
*PR: plant-row, NIR: non-traffic interrow, TIR: traffic interrow 
108 
Chapter 3.3. TDR measured resident concentrations 
Duration Date/ Hi Site# 
(hr) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Ci 0.24 0.30 0.22 0.25 0.29 0.21 0.25 0.27 0.25 0.24 0.30 0.25 0.25 0.29 
Co 2.06 2.63 2.03 2.06 2.95 1.82 2.22 2.52 2.09 2.16 2.69 2.20 2.18 2.61 
0.33 10/8/02 11 0.17 0.07 0.19 0.16 0.16 0.10 0.10 0.04 0.07 0.19 0.08 0.07 0.14 0.08 
1.33 10/8/02 12 0.43 0.17 0.36 0.39 0.44 0.20 0.23 0.08 0.12 0.40 0.21 0.21 0.27 0.19 
2.33 10/8/02 13 0.68 0.32 0.51 0.61 0.63 0.32 0.47 0.15 0.18 0.59 0.35 0.36 0.41 0.30 
3.33 10/8/02 14 0.83 0.45 0.66 0.77 0.73 0.43 0.60 0.21 0.23 0.73 0.46 0.51 0.54 0.40 
4.33 10/8/02 15 0.89 0.51 0.75 0.82 0.78 0.51 0.66 0.25 0.27 0.81 0.55 0.61 0.63 0.54 
6.33 10/8/02 17 0.93 0.65 0.73 0.95 0.82 0.58 0.74 0.35 0.37 0.86 0.63 0.70 0.70 0.80 
7.33 10/8/02 18 0.92 0.64 0.70 0.96 0.83 0.57 0.78 
8.33 10/8/02 19 0.89 0.67 0.69 0.93 0.81 0.56 0.78 0.41 0.45 0.82 0.65 0.71 0.70 0.86 
9.33 10/8/02 20 0.86 0.71 0.68 0.92 0.81 0.56 0.78 0.43 0.47 0.82 0.66 0.71 0.69 0.92 
10.33 10/8/02 21 0.85 0.73 0.67 0.91 0.80 0.57 0.75 0.48 0.49 0.80 0.67 0.74 0.69 0.99 
11.33 10/8/02 22 0.84 0.75 0.68 0.90 0.80 0.59 0.75 0.51 0.52 0.78 0.68 0.75 0.70 1.01 
12.33 10/8/02 23 0.83 0.77 0.65 0.88 0.80 0.57 0.75 0.55 0.51 0.78 0.70 0.75 0.71 1.02 
13.33 10/9/02 0 0.84 0.79 0.64 0.94 0.80 0.56 0.75 0.57 0.50 0.79 0.71 0.75 0.73 1.02 
14.33 10/9/02 1 0.82 0.79 0.62 0.92 0.79 0.56 0.73 0.60 0.51 0.79 0.72 0.74 0.74 1.02 
15.33 10/9/02 2 0.80 0.81 0.59 0.88 0.79 0.54 0.71 0.63 0.51 0.76 0.72 0.74 0.73 1.01 
16.33 10/9/02 3 0.80 0.81 0.59 0.81 0.78 0.51 0.70 0.66 0.53 0.77 0.72 0.74 0.74 1.03 
17.33 10/9/02 4 0.78 0.82 0.58 0.74 0.77 0.50 0.66 0.68 0.55 0.75 0.72 0.72 0.72 1.00 
18.33 10/9/02 5 0.77 0.81 0.56 0.75 0.75 0.47 0.66 0.70 0.54 0.73 0.71 0.71 0.71 0.98 
19.33 10/9/026 0.76 0.82 0.55 0.77 0.67 0.43 0.66 0.70 0.54 0.74 0.71 0.70 0.71 0.98 
20.33 10/9/02 7 0.75 0.82 0.55 0.72 0.63 0.40 0.64 0.71 0.54 0.74 0.70 0.70 0.70 0.97 
21.33 10/9/02 8 0.72 0.84 0.59 0.68 0.62 0.45 0.67 0.72 0.57 0.77 0.70 0.72 0.72 0.98 
22.33 10/9/02 9 0.80 0.84 0.66 0.80 0.73 0.52 0.75 0.75 0.66 0.79 0.74 0.76 0.77 1.05 
23.33 10/9/02 10 0.90 0.90 0.75 0.90 0.78 0.61 0.81 0.81 0.75 0.86 0.79 0.82 0.85 1.14 
24.33 10/9/02 11 0.96 0.94 0.85 0.93 0.77 0.67 0.87 0.85 0.84 0.91 0.84 0.88 0.91 1.23 
25.33 10/9/02 12 1.03 1.00 0.92 1.07 0.87 0.75 0.94 0.90 0.92 0.97 0.90 0.93 0.97 1.29 
26.33 10/9/02 13 1.10 1.05 0.97 1.10 0.99 0.88 1.00 0.95 0.98 1.01 0.96 0.96 1.03 1.31 
27.33 10/9/02 14 1.13 1.10 1.00 1.17 1.04 0.94 1.04 1.00 1.02 1.06 0.97 0.99 1.07 1.31 
28.33 10/9/02 15 1.14 1.10 1.00 1.17 0.99 0.91 1.03 0.99 1.01 1.05 0.99 1.00 1.06 1.26 
29.33 10/9/02 16 1.10 1.06 0.96 1.10 0.86 0.80 0.99 0.97 1.00 1.01 0.97 0.96 1.03 1.21 
30.33 10/9/02 17 1.06 1.06 1.00 1.11 0.84 0.77 0.97 0.96 0.97 1.00 0.96 0.93 1.01 1.20 
31.33 10/9/02 18 1.00 1.03 0.94 1.04 0.79 0.75 0.92 0.95 0.93 0.95 0.92 0.89 0.98 1.20 
32.33 10/9/02 19 0.95 1.01 0.92 0.91 0.87 0.81 0.89 0.94 0.92 0.93 0.90 0.85 0.94 1.19 
33.33 10/9/02 20 0.93 1.00 0.91 0.92 0.76 0.68 0.86 0.94 0.91 0.91 0.88 0.83 0.93 1.19 
34.33 10/9/02 21 0.90 0.99 0.89 0.86 0.76 0.65 0.84 0.92 0.90 0.89 0.86 0.82 0.91 1.16 
35.33 10/9/02 22 0.91 0.98 0.88 0.85 0.68 0.66 0.83 0.91 0.90 0.86 0.85 0.80 0.89 1.15 
36.33 10/9/02 23 0.90 0.96 0.86 0.80 0.68 0.62 0.82 0.91 0.89 0.84 0.83 0.79 0.87 1.13 
37.33 10/10/02 0 0.88 0.96 0.80 0.83 0.73 0.66 0.81 0.90 0.89 0.83 0.83 0.79 0.86 1.12 
38.33 10/10/02 1 0.85 0.94 0.82 0.83 0.69 0.60 0.79 0.89 0.87 0.82 0.83 0.77 0.85 1.12 
39.33 10/10/02 2 0.86 0.95 0.82 0.82 0.68 0.55 0.80 0.89 0.87 0.86 0.83 0.79 0.86 1.12 
40.33 10/10/02 3 0.90 0.94 0.82 0.87 0.50 0.54 0.80 0.90 0.88 0.91 0.83 0.79 0.87 1.13 
41.33 10/10/02 4 0.89 0.94 0.76 0.82 0.59 0.58 0.80 0.90 0.86 0.91 0.83 0.76 0.86 1.11 
42.33 10/10/02 5 0.86 0.95 0.79 0.83 0.52 0.56 0.77 0.90 0.86 0.89 0.83 0.73 0.86 1.11 
Continues 
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Duration Date/ Hr Site # 
(hr) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
43.33 10/10/02 6 0.86 0.94 0.72 0.83 0.64 0.57 0.76 0.89 0.83 0.91 0.81 0.70 0.85 1.09 
45.33 10/10/02 8 0.89 0.93 0.69 0.84 0.74 0.54 0.78 0.89 0.80 0.90 0.80 0.71 0.84 1.09 
46.33 10/10/02 9 0.94 0.96 0.88 0.92 0.74 0.67 0.82 0.91 0.88 0.96 0.85 0.81 0.91 1.19 
47.33 10/10/02 10 1.02 1.01 0.96 1.00 0.67 0.74 0.89 0.96 0.94 0.98 0.91 0.87 0.97 1.26 
48.33 10/10/02 11 1.11 1.07 1.02 1.09 0.79 0.85 0.96 1.03 0.99 1.03 0.97 0.94 1.03 1.36 
49.33 10/10/02 12 1.12 1.12 1.09 1.14 1.02 1.00 0.99 1.05 1.03 1.08 1.01 0.99 1.09 1.40 
50.33 10/10/02 13 1.14 1.15 1.09 1.20 1.04 1.02 1.01 1.08 1.07 1.09 1.03 1.04 1.10 1.44 
51.33 10/10/02 14 1.13 1.15 1.00 1.20 1.04 1.03 1.03 1.09 1.06 1.08 1.04 1.03 1.10 1.34 
52.33 10/10/02 15 1.13 1.13 1.00 1.12 1.02 1.03 1.07 1.08 1.06 1.10 1.06 1.03 1.08 1.21 
53.33 10/10/02 16 1.14 1.08 1.05 1.24 1.03 1.00 1.07 1.07 1.05 1.08 1.05 1.04 1.10 1.13 
54.33 10/10/02 17 1.12 1.06 1.07 1.13 1.01 0.98 1.06 1.07 1.03 1.05 1.04 1.01 1.09 1.07 
55.33 10/10/02 18 1.08 1.02 1.00 1.12 0.84 0.78 1.00 1.04 1.01 1.02 1.00 0.96 1.05 1.03 
56.33 10/10/02 19 1.05 0.98 0.94 1.01 0.72 0.66 0.96 1.00 0.97 1.01 0.98 0.92 1.01 0.98 
57.33 10/10/02 20 1.03 0.91 0.92 0.87 0.62 0.63 0.93 0.98 0.96 0.97 0.95 0.90 0.99 0.95 
58.33 10/10/02 21 1.01 0.88 0.89 0.85 0.58 0.59 0.88 0.96 0.94 0.95 0.92 0.88 0.97 0.94 
59.33 10/10/02 22 0.98 0.88 0.85 0.79 0.62 0.69 0.85 0.94 0.93 0.91 0.89 0.89 0.94 1.02 
60.33 10/10/02 23 0.94 0.91 0.82 0.77 0.48 0.53 0.84 0.94 0.92 0.89 0.88 0.88 0.92 1.08 
61.33 10/11/02 0 0.91 0.90 0.80 0.80 0.53 0.53 0.82 0.93 0.91 0.87 0.88 0.85 0.91 1.10 
62.33 10/11/02 1 0.88 0.90 0.80 0.71 0.49 0.55 0.81 0.91 0.89 0.85 0.88 0.84 0.90 1.10 
69.33 10/11/02 8 0.89 0.93 0.82 0.84 0.74 0.59 0.78 0.85 0.85 0.87 0.81 0.80 0.84 1.06 
70.33 10/11/02 9 0.88 0.89 0.90 0.92 0.58 0.66 0.82 0.89 0.91 0.88 0.86 0.86 0.91 1.14 
71.33 10/11/02 10 0.93 0.94 0.96 0.95 0.74 0.80 0.87 0.92 0.96 0.92 0.90 0.90 0.97 1.22 
72.33 10/11/02 11 1.01 1.00 1.05 1.07 0.89 0.99 0.93 0.97 1.03 0.99 0.95 0.97 1.03 1.30 
73.33 10/11/02 12 1.06 1.04 1.11 1.07 0.95 0.94 1.00 1.02 1.08 1.04 1.02 1.02 1.08 1.35 
74.33 10/11/02 13 1.10 1.08 1.14 1.15 1.01 1.01 1.02 1.06 1.11 1.07 1.05 1.06 1.11 1.36 
75.33 10/11/02 14 1.13 1.11 1.18 1.20 0.99 1.01 1.07 1.09 1.11 1.09 1.08 1.11 1.13 1.34 
77.33 10/11/02 16 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
78.33 10/11/02 17 0.98 0.91 0.86 0.81 0.85 0.90 0.97 0.98 0.97 0.92 0.93 0.92 0.97 0.87 
79.33 10/11/02 18 0.90 0.77 0.72 0.72 0.63 0.74 0.82 0.95 0.92 0.87 0.84 0.78 0.90 0.74 
80.33 10/11/02 19 0.77 0.60 0.59 0.50 0.38 0.56 0.70 0.92 0.89 0.79 0.71 0.64 0.82 0.64 
81.33 10/11/02 20 0.72 0.47 0.50 0.37 0.26 0.40 0.50 0.89 0.83 0.72 0.60 0.52 0.76 0.56 
82.33 10/11/02 21 0.63 0.35 0.44 0.26 0.20 0.33 0.34 0.86 0.78 0.65 0.49 0.42 0.70 0.49 
83.33 10/11/02 22 0.53 0.28 0.36 0.21 0.17 0.29 0.26 0.85 0.73 0.56 0.40 0.35 0.63 0.43 
84.33 10/11/02 23 0.45 0.22 0.30 0.15 0.10 0.23 0.19 0.83 0.68 0.48 0.35 0.30 0.56 0.38 
85.33 10/12/02 0 0.37 0.18 0.27 0.13 0.10 0.21 0.15 0.81 0.64 0.43 0.32 0.26 0.49 0.34 
86.33 10/12/02 1 0.30 0.16 0.24 0.13 0.08 0.17 0.13 0.79 0.60 0.37 0.30 0.24 0.46 0.31 
87.33 10/12/02 2 0.24 0.13 0.22 0.09 0.07 0.16 0.10 0.75 0.55 0.32 0.27 0.20 0.40 0.27 
88.33 10/12/02 3 0.19 0.11 0.20 0.07 0.07 0.16 0.09 0.69 0.49 0.26 0.24 0.17 0.34 0.23 
89.33 10/12/02 4 0.17 0.09 0.18 0.06 0.06 0.15 0.08 0.65 0.44 0.23 0.22 0.14 0.30 0.20 
90.33 10/12/02 5 0.12 0.08 0.16 0.06 0.06 0.13 0.06 0.61 0.39 0.17 0.20 0.10 0.24 0.17 
91.33 10/12/02 6 0.09 0.07 0.14 0.04 0.05 0.11 0.05 0.53 0.33 0.12 0.19 0.07 0.21 0.14 
92.33 10/12/02 7 0.07 0.06 0.12 0.03 0.04 0.09 0.05 0.46 0.29 0.10 0.17 0.06 0.18 0.12 
93.33 10/12/02 8 0.06 0.05 0.11 0.03 0.03 0.08 0.04 0.42 0.25 0.08 0.16 0.06 0.16 0.10 
94.33 10/12/02 9 0.05 0.04 0.10 0.02 0.04 0.09 0.03 0.35 0.21 0.06 0.14 0.05 0.13 0.08 
95.33 10/12/02 10 0.04 0.03 0.08 0.02 0.02 0.07 0.03 0.29 0.18 0.04 0.13 0.04 0.11 0.06 
Continues 
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Duration Date/ Hi Site# 
(hr) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
96.33 10/12/02 11 0.03 0.03 0.08 0.01 0.03 0.06 0.03 0.26 0.15 0.04 0.12 0.04 0.09 0.05 
97.33 10/12/02 12 0.03 0.03 0.08 0.01 0.03 0.06 0.03 0.24 0.13 0.03 0.11 0.03 0.08 0.04 
98.33 10/12/02 13 0.03 0.03 0.07 0.01 0.03 0.07 0.03 0.21 0.11 0.03 0.10 0.04 0.07 0.04 
99.33 10/12/02 14 0.03 0.03 0.08 0.01 0.03 0.08 0.04 0.18 0.10 0.03 0.09 0.04 0.07 0.04 
100.33 10/12/02 15 0.03 0.03 0.08 0.02 0.04 0.08 0.04 0.17 0.09 0.04 0.09 0.04 0.06 0.04 
101.33 10/12/02 16 0.03 0.03 0.07 0.01 0.03 0.07 0.03 0.14 0.08 0.03 0.09 0.04 0.05 0.03 
102.33 10/12/02 17 0.02 0.02 0.06 0.01 0.03 0.06 0.03 0.12 0.06 0.02 0.08 0.03 0.04 0.01 
103.33 10/12/02 18 0.01 0.01 0.05 -0.01 0.02 0.05 0.02 0.10 0.04 0.01 0.07 0.02 0.03 0.00 
104.33 10/12/02 19 0.00 0.00 0.04 -0.01 0.01 0.03 0.01 0.08 0.02 0.00 0.05 0.01 0.02 -0.01 
105.33 10/12/02 20 0.00 0.00 0.03 -0.01 0.01 0.03 0.01 0.07 0.01 0.00 0.04 0.00 0.01 -0.01 
106.33 10/12/02 21 0.00 -0.01 0.02 -0.02 0.01 0.03 0.00 0.06 0.01 0.00 0.04 0.00 0.01 -0.01 
119.33 10/13/02 10 0.00 -0.01 0.02 -0.02 0.01 0.02 0.00 0.02 0.00 0.00 0.01 0.00 0.00 -0.01 
120.33 10/13/02 11 0.01 0.00 0.03 -0.01 0.02 0.04 0.02 0.03 0.01 0.01 0.01 0.01 0.01 0.00 
121.33 10/13/02 12 0.02 0.01 0.03 0.01 0.02 0.05 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.01 
122.33 10/13/02 13 0.02 0.01 0.04 0.01 0.01 0.06 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.01 
123.33 10/13/02 14 0.02 0.02 0.04 0.02 0.02 0.07 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.02 
124.33 10/13/02 15 0.02 0.02 0.05 0.02 0.03 0.07 0.03 0.03 0.03 0.02 0.02 0.04 0.03 0.02 
125.33 10/13/02 16 0.02 0.02 0.04 0.02 0.03 0.06 0.02 0.04 0.03 0.02 0.03 0.03 0.02 0.01 
126.33 10/13/02 17 0.01 0.01 0.04 0.00 0.02 0.05 0.02 0.04 0.02 0.02 0.02 0.02 0.02 0.01 
127.33 10/13/02 18 0.01 0.01 0.03 -0.01 0.02 0.04 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.00 
128.33 10/13/02 19 0.00 0.00 0.02 -0.01 0.01 0.03 0.01 0.01 0.01 0.00 0.01 0.01 0.01 -0.01 
129.33 10/13/02 20 0.00 0.00 0.01 -0.01 0.01 0.02 0.01 0.02 0.00 0.00 0.01 0.00 0.00 -0.01 
133.33 10/14/02 0 -0.02 -0.01 0.00 -0.02 0.00 0.01 -0.01 0.02 -0.01 -0.01 0.00 -0.01 -0.01 -0.02 
134.33 10/14/02 1 -0.02 -0.01 0.00 -0.02 -0.01 0.00 -0.01 0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.02 
141.33 10/14/02 8 -0.02 -0.02 0.00 -0.04 0.00 0.00 -0.03 0.00 -0.02 -0.01 -0.01 -0.01 -0.02 -0.03 
Duration Site # 
(hr) 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Ci 0.27 0.21 0.24 0.29 0.27 0.25 0.28 0.21 0.27 0.26 0.20 0.25 0.28 0.20 0.24 0.26 
Co 2.48 1.84 2.03 2.62 2.18 2.48 2.47 1.78 1.36 1.42 1.57 1.82 1.82 1.54 1.51 1.69 
0.33 0.09 0.04 0.06 0.02 0.04 0.06 0.03 0.29 0.02 0.01 0.16 0.03 0.02 0.05 0.04 0.03 
1.33 0.21 0.16 0.11 0.04 0.12 0.11 0.06 0.59 0.13 0.23 0.41 0.10 0.08 0.17 0.09 0.09 
2.33 0.33 0.31 0.17 0.08 0.27 0.21 0.12 0.82 0.20 0.32 0.63 0.18 0.12 0.35 0.19 0.20 
3.33 0.46 0.41 0.22 0.11 0.43 0.31 0.26 0.93 0.23 0.74 0.23 0.17 0.53 0.31 0.33 
4.33 0.55 0.47 0.25 0.13 0.54 0.41 0.39 0.95 0.29 0.85 0.35 0.20 0.68 0.43 0.44 
6.33 0.66 0.55 0.29 0.23 0.66 0.57 0.59 0.88 0.48 0.86 0.43 0.20 0.85 0.64 0.52 
7.33 0.56 0.39 0.29 0.72 0.62 0.64 0.85 0.47 0.86 0.49 0.19 0.78 0.71 0.50 
8.33 0.71 0.60 0.48 0.37 0.78 0.68 0.70 0.83 0.59 0.79 0.42 0.20 0.80 0.79 0.57 
9.33 0.72 0.63 0.52 0.44 0.79 0.69 0.73 0.78 0.54 0.87 0.51 0.23 0.84 0.85 0.60 
10.33 0.75 0.64 0.56 0.50 0.79 0.70 0.76 0.75 0.62 0.83 0.50 0.27 0.80 0.88 0.70 
11.33 0.76 0.66 0.61 0.54 0.79 0.71 0.77 0.74 0.67 0.75 0.53 0.31 0.76 0.93 0.85 
12.33 0.77 0.66 0.64 0.58 0.78 0.71 0.79 0.73 0.66 0.69 0.52 0.34 0.73 0.91 0.86 
13.33 0.78 0.66 0.68 0.60 0.77 0.72 0.79 0.72 0.60 0.70 0.61 0.38 0.73 0.85 0.85 
14.33 0.78 0.68 0.70 0.63 0.76 0.72 0.80 0.69 0.45 0.73 0.58 0.43 0.72 0.84 0.87 
15.33 0.77 0.69 0.73 0.65 0.75 0.71 0.79 0.66 0.73 0.63 0.58 0.45 0.71 0.83 0.83 
Continues 
I l l  
Duration Site # 
(hr) 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
16.33 0.78 0.69 0.74 0.66 0.73 0.71 0.79 0.65 0.63 0.61 0.55 0.43 0.67 0.81 0.87 
17.33 0.77 0.67 0.74 0.66 0.71 0.70 0.78 0.63 0.56 0.56 0.42 0.47 0.62 0.79 0.86 
18.33 0.77 0.66 0.75 0.66 0.69 0.69 0.76 0.61 0.40 0.47 0.32 0.45 0.55 0.76 0.79 
19.33 0.77 0.65 0.74 0.65 0.68 0.68 0.75 0.60 0.47 0.46 0.34 0.45 0.56 0.72 0.80 
20.33 0.77 0.64 0.74 0.66 0.67 0.67 0.74 0.58 0.52 0.42 0.28 0.41 0.48 0.67 0.70 
21.33 0.78 0.66 0.76 0.65 0.69 0.68 0.74 0.60 0.48 0.33 0.28 0.37 0.46 0.71 0.77 
22.33 0.82 0.70 0.80 0.66 0.74 0.71 0.77 0.65 0.44 0.45 0.36 0.47 0.59 0.81 0.87 
23.33 0.89 0.77 0.86 0.70 0.82 0.76 0.82 0.73 0.58 0.54 0.45 0.54 0.66 0.91 0.87 
24.33 0.95 0.84 0.92 0.74 0.88 0.82 0.87 0.84 0.92 0.64 0.62 0.74 0.81 1.00 0.97 
25.33 1.00 0.91 0.97 0.78 0.93 0.87 0.92 0.93 0.97 0.70 0.73 0.75 0.82 0.99 092 
26.33 1.06 0.97 1.01 0.81 0.97 0.91 0.97 1.00 1.25 0.81 0.72 0.79 0.90 1.17 1.15 
27.33 1.09 1.00 1.06 0.83 0.99 0.94 1.00 1.04 1.15 0.87 0.69 0.89 0.98 1.21 1.18 
28.33 1.08 1.02 1.06 0.83 1.00 0.94 1.00 1.03 1.15 0.90 0.84 0.93 1.02 1.19 1.14 
29.33 1.04 1.01 1.03 0.82 0.98 0.92 0.98 0.98 1.21 0.86 0.80 0.89 0.98 1.17 1.12 
30.33 1.01 0.99 1.02 0.80 0.95 0.90 0.96 0.93 1.23 0.67 0.71 0.76 0.88 1.08 1.02 
31.33 0.97 0.94 0.98 0.78 0.91 0.87 0.93 0.88 0.85 0.76 0.79 0.81 0.89 1.07 1.03 
32.33 0.94 0.92 0.96 0.77 0.89 0.85 0.91 0.82 1.04 0.71 0.80 0.80 0.86 1.07 1.04 
33.33 0.93 0.89 0.95 0.76 0.87 0.83 0.90 0.80 1.07 0.66 0.72 0.72 0.78 0.96 0.92 
34.33 0.92 0.84 0.94 0.75 0.85 0.82 0.89 0.79 0.61 0.58 0.62 0.65 0.73 0.96 0.95 
35.33 0.91 0.82 0.93 0.75 0.83 0.81 0.88 0.78 0.62 0.53 0.60 0.61 0.67 0.90 0.87 
36.33 0.90 0.79 0.92 0.74 0.82 0.80 0.86 0.75 0.47 0.57 0.62 0.64 0.67 0.87 0.83 
37.33 0.89 0.77 0.91 0.74 0.80 0.79 0.85 0.75 0.64 0.59 0.62 0.65 0.69 0.96 0.91 
38.33 0.88 0.75 0.90 0.73 0.79 0.77 0.84 0.74 0.64 0.44 0.47 0.52 0.58 0.77 0.75 
39.33 0.89 0.75 0.89 0.73 0.79 0.76 0.84 0.74 0.69 0.49 0.50 0.65 0.67 0.87 0.84 
40.33 0.89 0.75 0.89 0.74 0.79 0.75 0.85 0.74 0.49 0.48 0.57 0.68 0.68 0.83 0.82 
41.33 0.88 0.74 0.90 0.74 0.78 0.76 0.84 0.71 0.55 0.58 0.59 0.78 0.73 0.85 0.82 
42.33 0.87 0.72 0.90 0.73 0.75 0.76 0.84 0.67 0.55 0.47 0.49 0.66 0.61 0.77 0.78 
43.33 0.86 0.70 0.90 0.73 0.73 0.75 0.84 0.66 0.62 0.51 0.53 0.72 0.63 0.85 0.86 
45.33 0.88 0.69 0.90 0.73 0.72 0.75 0.83 0.67 0.91 0.55 0.52 0.75 0.63 0.92 0.93 
46.33 0.94 0.72 0.93 0.74 0.78 0.79 0.85 0.73 0.91 0.59 0.50 0.78 0.64 0.91 0.90 
47.33 1.00 0.77 0.98 0.77 0.85 0.84 0.90 0.82 1.09 0.58 0.39 0.81 0.68 0.86 0.87 
48.33 1.05 0.82 1.03 0.80 0.92 0.89 0.94 0.90 1.21 0.72 0.54 0.91 0.78 0.93 0.93 
49.33 1.10 0.88 1.07 0.82 0.97 0.93 0.99 0.98 1.18 0.90 0.88 1.10 0.91 0.96 0.99 
50.33 1.12 0.93 1.09 0.84 1.02 0.97 1.02 1.04 1.32 0.92 0.80 1.10 0.96 0.91 0.98 
51.33 1.07 0.96 1.10 0.86 1.05 0.97 1.02 1.04 1.49 0.98 0.72 1.11 1.01 0.84 0.85 
52.33 1.08 0.97 1.09 0.85 1.05 0.97 1.01 1.04 1.41 0.99 0.86 1.13 1.05 0.85 0.95 
53.33 1.10 1.00 1.10 0.85 1.06 0.97 1.00 1.02 1.33 1.02 0.91 1.09 1.07 1.03 0.90 
54.33 1.08 1.02 1.08 0.84 1.04 0.96 1.00 0.98 1.17 0.96 0.81 0.99 1.02 1.04 0.87 
55.33 1.05 1.00 1.06 0.83 1.00 0.94 0.98 0.93 1.34 0.82 0.70 0.90 0.92 0.95 0.76 
56.33 1.00 0.97 1.03 0.81 0.95 0.90 0.95 0.87 0.66 0.68 0.69 0.74 0.79 0.89 0.82 
57.33 0.97 0.93 1.01 0.79 0.91 0.88 0.93 0.83 1.30 0.66 0.65 0.70 0.76 0.98 0.91 
58.33 0.95 0.89 0.99 0.78 0.88 0.86 0.91 0.80 0.58 0.56 0.60 0.62 0.65 0.82 0.81 
59.33 0.96 0.84 0.97 0.77 0.85 0.84 0.90 0.78 0.65 0.61 0.70 0.68 0.69 0.86 0.77 
60.33 0.95 0.81 0.96 0.75 0.83 0.82 0.89 0.75 0.35 0.56 0.61 0.65 0.66 0.73 0.74 
61.33 0.94 0.79 0.94 0.75 0.82 0.81 0.87 0.75 0.59 0.62 0.70 0.68 0.68 0.42 0.47 
' Continues 
112 
Duration Site # 
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62.33 0.92 0.77 0.93 0.75 0.81 0.81 0.86 0.74 0.33 0.52 0.56 0.58 0.56 0.47 0.34 
69.33 0.87 0.71 0.87 0.70 0.77 0.76 0.82 0.71 0.91 0.59 0.53 0.75 0.65 0.92 0.93 
70.33 0.93 0.77 0.92 0.72 0.83 0.80 0.85 0.76 1.01 0.59 0.51 0.67 0.65 0.70 0.63 
71.33 0.98 0 82 0.97 0.76 0.88 0.84 0.90 0.82 0.72 0.75 0.61 0.92 0.83 0.84 0.80 
. 72.33 1.04 0.88 1.02 0.80 0.94 0.89 0.96 0.91 0.96 0.91 0.72 1.08 0.95 1.13 1.17 
73.33 1.09 0.94 1.07 0.83 0.98 0.94 1.00 0.97 1.22 0.95 0.94 1.11 0.98 1.18 1.19 
74.33 1.13 0.99 1.10 0.85 1.02 0.97 1.04 1.03 1.21 0.97 0.96 1.09 1.01 1.21 1.19 
75.33 1.15 1.03 1.12 0.86 1.05 1.00 1.06 1.07 1.49 0.94 0.97 1.05 1.01 1.12 1.05 
77.33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
78.33 0.90 0.93 0.94 0.92 0.93 0.88 0.83 0.98 0.93 1.00 0.85 0.95 0.97 0.94 1.01 0.95 
79.33 0.78 0.79 0.85 0.78 0.78 0.69 0.58 0.84 0.93 0.88 0.70 0.87 0.88 0.83 1.00 0.88 
80.33 0.68 0.66 0.75 0.67 0.51 0.54 0.47 0.62 0.73 0.47 0.50 0.61 0.68 0.62 0.82 0.61 
81.33 0.57 0.52 0.66 0.57 0.26 0.41 0.38 0.36 0.67 0.43 0.36 0.47 0.48 0.41 0.68 0.46 
82.33 0.48 0.38 0.57 0.46 0.15 0.30 0.31 0.21 0.47 0.48 0.32 0.44 0.52 0.34 0.60 0.39 
8133 0.40 0.28 0.49 0.39 0.10 0.23 0.26 0.14 0.40 0.28 0.26 0.39 0.51 0.24 0.51 0.32 
84.33 0.34 0.21 0.43 0.34 0.07 0.19 0.22 0.10 0.63 0.30 0.19 0.33 0.42 0.16 0.43 0.27 
85.33 0.30 0.16 0.38 0.32 0.06 0.15 0.19 0.08 0.25 0.22 0.23 0.37 0.58 0.13 0.45 0.27 
8633 0.27 0.13 0.33 0.30 0.05 0.13 0.17 0.07 0.30 0.11 0.22 0.39 0.63 0.10 0.41 0.25 
87.33 0.24 0.09 0.30 0.28 0.05 0.12 0.14 0.06 0.37 0.16 0.18 0.30 0.51 0.09 0.31 0.19 
88.33 0.21 0.07 0.26 0.26 0.04 0.10 0.12 0.05 0.24 0.11 0.15 0.25 0.44 0.07 0.25 0.16 
89.33 0.20 0.06 0.24 0.25 0.04 0.09 0.11 0.05 0.32 0.15 0.15 0.27 0.53 0.07 0.25 0.16 
90.33 0.18 0.04 0.20 0.23 0.03 0.08 0.10 0.04 0.21 0.08 0.11 0.22 0.45 0.06 0.21 0.13 
91.33 0.17 0.03 0.18 0.21 0.03 0.07 0.09 0.03 0.18 0.08 0.09 0.20 0.44 0.06 0.17 0.11 
92.33 0.16 0.02 0.16 0.20 0.03 0.06 0.08 0.03 0.38 0.11 0.07 0.15 0.34 0.05 0.14 0.09 
93.33 0.16 0.02 0.15 0.19 0.02 0.06 0.07 0.03 0.16 0.03 0.07 0.15 0.37 0.05 0.13 0.09 
94.33 0.14 0.01 0.13 0.17 0.02 0.05 0.07 0.03 0.18 0.07 0.07 0.14 0.33 0.05 0.12 0.09 
95.33 0.13 0.01 0.12 0.15 0.02 0.05 0.06 0.02 0.12 0.04 0.07 0.13 0.32 0.05 0.11 0.08 
96.33 0.12 0.01 0.11 0.13 0.02 0.05 0.05 0.02 0.08 0.00 0.06 0.12 0.32 0.04 0.10 0.07 
97.33 0.11 0.01 0.10 0.12 0.02 0.05 0.05 0.02 0.10 0.06 0.06 0.11 0.28 0.04 0.09 0.06 
98.33 0.10 0.01 0.10 0.11 0.02 0.05 0.05 0.03 0.10 0.03 0.06 0.11 0.28 0.05 0.09 0.07 
99.33 0.10 0.01 0.10 0.10 0.02 0.06 0.05 0.03 0.15 0.05 0.06 0.11 0.25 0.05 0.09 0.08 
100.33 0.10 0.01 0.10 0.09 0.02 0.06 0.05 0.04 0.20 0.06 0.07 0.12 0.28 0.05 0.10 0.09 
101.33 0.09 0.01 0.09 0.08 0.02 0.05 0.04 0.03 0.14 0.05 0.06 0.11 0.27 0.05 0.09 0.08 
102.33 0.07 0.00 0.07 0.06 0.01 0.04 0.03 0.02 0.10 0.00 0.05 0.09 0.23 0.04 0.08 0.07 
103.33 0.05 0.00 0.06 0.05 0.01 0.03 0.03 0.01 0.15 0.03 0.05 0.06 0.16 0.04 0.07 0.04 
104.33 0.04 -0.01 0.05 0.04 0.00 0.03 0.02 0.00 0.13 0.02 0.01 0.01 0.06 0.03 0.05 0.04 
105.33 0.03 -0.02 0.04 0.03 0.00 0.02 0.02 0.00 0.11 0.02 0.00 -0.01 0.09 0.02 0.05 0.04 
106.33 0.02 -0.02 0.04 0.02 -0.01 0.02 0.01 -0.01 0.11 0.03 0.02 0.00 0.08 0.02 0.05 0.04 
119.33 0.03 -0.02 0.02 0.01 0.00 0.02 0.01 0.00 0.08 0.04 0.00 0.00 0.01 0.01 0.04 0.04 
120.33 0.05 -0.01 0.03 0.01 0.01 0.03 0.02 0.02 0.08 0.02 0.03 0.01 0.04 0.00 0.04 0.05 
121.33 0.06 0.00 0.03 0.01 0.01 0.04 0.00 0.03 0.06 0.05 0.03 0.01 0.02 0.02 0.04 0.05 
122.33 0.06 0.00 0.04 0.01 0.02 0.03 -0.01 0.03 0.07 0.03 0.01 0.00 0.05 0.02 0.05 0.04 
123.33 0.06 0.00 0.03 0.01 0.02 0.03 0.00 0.03 0.10 0.05 0.02 0.01 0.05 0.03 0.06 0.04 
124.33 0.06 0.00 0.02 0.01 0.02 0.03 -0.01 0.04 0.09 0.04 0.04 0.06 0.06 0.03 0.06 0.05 
125.33 0.06 0.00 0.02 0.01 0.01 0.03 0.00 0.03 0.03 0.01 0.04 0.06 0.05 0.03 0.06 0.05 
Continues 
113 
Duration Site # 
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126.33 0.04 0.00 0.02 0.01 0.01 0.03 0.00 0.02 0.06 0.04 0.04 0.04 0.05 0.03 0.05 0.05 
127.33 0.02 0.00 0.02 0.01 0.01 0.03 0.00 0.02 0.03 0.04 0.03 0.04 0.02 0.01 0.05 0.04 
128.33 0.02 -0.01 0.02 0.01 0.00 0.03 0.00 0.01 0.06 0.02 0.03 0.03 0.03 0.03 0.05 0.04 
129.33 0.02 -0.01 0.02 0.00 0.00 0.03 0.00 0.00 0.05 0.02 0.03 0.02 0.02 0.03 0.04 0.03 
133.33 0.01 -0.02 0.01 0.00 -0.01 0.02 -0.01 -0.01 0.02 0.02 0.01 0.01 0.00 0.02 0.02 0.02 
134.33 0.01 -0.02 0.01 0.00 -0.01 0.02 -0.01 -0.01 0.02 0.02 -0.01 -0.04 -0.04 0.02 0.01 0.01 
141.33 0.00 -0.03 0.00 -0.01 -0.01 0.01 -0.01 -0.01 0.00 0.02 0.01 0.00 -0.02 0.00 0.02 0.02 
Duration Site # 
Aver 
M 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 age 
Ci 0.25 0.23 0.26 0.27 0.23 0.25 0.23 0.27 0.22 0.23 0.20 0.23 0.23 0.20 0.24 
Co 1.12 1.33 1.54 1.67 1.51 1.72 1.56 1.98 1.66 1.77 1.61 1.81 1.64 1.58 1.79 
0.33 0.17 0.20 0.16 0.15 0.04 0.14 0.18 0.31 0.32 0.08 0.18 0.20 0.08 0.09 0.14 0.11 
1.33 0.49 0.56 0.37 0.28 0.11 0.30 0.30 0.65 0.57 0.18 0.38 0.46 0.16 0.19 0.31 0.26 
2.33 0.57 0.79 0.54 0.44 0.19 0.42 0.50 0.93 0.76 0.29 0.64 0.70 0.22 0.29 0.51 0.40 
3.33 0.91 0.99 0.58 0.47 0.24 0.49 0.64 1.10 0.87 0.42 0.81 0.92 0.30 0.36 0.63 0.52 
4.33 0.86 1.05 0.57 0.50 0.31 0.52 0.73 1.20 0.91 0.66 1.30 1.06 0.49 0.50 0.87 0.61 
6.33 0.75 1.03 0.77 0.58 0.44 0.56 0.70 1.21 0.83 0.70 1.31 1.11 0.52 0.56 0.91 0.69 
7.33 1.01 0.95 0.77 0.58 0.46 0.56 0.68 1.16 0.83 0.72 1.26 1.02 0.53 0.63 0.96 0.71 
8.33 0.75 0.86 0.75 0.60 0.53 0.56 0.71 1.15 0.80 0.76 1.28 1.02 0.55 0.71 0.98 0.71 
9.33 0.82 0.87 0.77 0.60 0.56 0.58 0.70 1.13 0.76 0.79 1.29 1.01 0.57 0.77 1.00 0.73 
10.33 0.58 0.71 0.78 0.60 0.58 0.57 0.65 1.10 0.76 0.78 1.24 1.00 0.60 0.81 1.02 0.73 
11.33 0.89 0.98 0.81 0.64 0.60 0.57 0.73 1.07 0.75 0.78 1.27 0.97 0.64 0.91 1.04 0.76 
12.33 0.69 0.90 0.80 0.66 0.65 0.61 0.76 1.02 0.74 0.82 1.13 0.91 0.67 0.98 0.95 0.75 
13.33 0.52 0.86 0.83 0.67 0.67 0.60 0.64 0.95 0.73 0.80 1.20 0.90 0.68 1.13 1.02 0.75 
14.33 0.48 0.57 0.72 0.61 0.63 0.56 0.58 0.90 0.69 0.79 1.17 0.88 0.68 1.15 1.01 0.73 
15.33 0.38 0.59 0.58 0.53 0.62 0.54 0.55 0.91 0.71 0.76 1.20 0.88 0.69 1.17 1.04 0.72 
16.33 0.54 0.60 0.67 0.63 0.65 0.54 0.52 0.86 0.69 0.74 1.13 0.85 0.69 1.17 1.02 0.72 
17.33 0.57 0.61 0.57 0.55 0.58 0.51 0.54 0.88 0.71 0.76 1.26 0.87 0.71 1.18 1.01 0.71 
18.33 0.70 0.55 0.59 0.54 0.53 0.47 0.50 0.81 0.67 0.72 1.15 0.83 0.70 1.12 0.98 0.68 
19.33 0.56 0.50 0.52 0.52 0.51 0.51 0.44 0.81 0.67 0.74 1.17 0.82 0.71 1.12 1.01 0.67 
20.33 0.62 0.53 0.54 0.59 0.58 0.50 0.40 0.80 0.65 0.70 1.14 0.79 0.69 1.07 0.97 0.66 
21.33 0.54 0.49 0.50 0.46 0.48 0.41 0.44 0.90 0.66 0.77 0.78 0.83 0.72 0.72 0.97 0.64 
22.33 0.55 0.64 0.56 0.50 0.47 0.47 0.47 0.92 0.74 0.81 1.14 0.88 0.80 0.93 0.93 0.71 
23.33 0.57 0.59 0.65 0.68 0.62 0.57 0.70 0.95 0.81 0.82 1.10 0.94 0.86 1.01 1.05 0.78 
24.33 1.28 1.12 0.84 0.83 0.77 0.71 0.67 1.05 0.91 0.86 1.13 0.98 0.89 1.04 1.11 0.89 
25.33 1.19 1.19 1.10 0.96 0.89 0.91 0.74 1.13 1.00 0.88 1.15 1.03 0.94 1.08 1.16 0.95 
26.33 1.57 1.41 1.17 1.03 0.96 0.94 0.91 1.16 1.05 0.91 1.14 1.08 0.95 1.11 1.15 1.03 
27.33 1.22 1.36 1.23 1.09 1.01 0.99 1.05 1.17 1.05 0.85 1.02 1.11 0.97 1.08 1.15 1.05 
28.33 1.31 1.33 1.15 1.04 0.99 0.98 0.98 1.10 1.00 0.88 1.05 1.05 0.92 1.00 1.06 1.04 
29.33 1.18 1.25 1.14 1.04 1.02 0.98 0.95 1.11 0.99 0.94 0.92 1.06 0.94 1.03 1.07 1.01 
30.33 1.26 1.22 1.15 1.03 1.00 0.96 0.86 0.75 0.74 0.78 0.89 0.76 0.76 0.80 0.84 0.94 
31.33 1.10 1.11 1.08 0.96 0.97 0.92 0.73 1.04 0.93 0.91 1.00 0.87 0.84 0.92 1.03 0.94 





(hr) 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 age 
33.33 1.16 1.04 1.01 0.93 0.95 0.86 0.53 0.63 0.61 0.67 0.70 0.75 0.70 0.71 0.69 0.85 
34.33 0.60 0.98 0.96 0.88 0.88 0.82 0.65 0.72 0.71 0.72 0.80 0.69 0.78 0.77 0.79 0.82 
35.33 0.49 0.69 0.95 0.85 0.82 0.76 0.57 0.52 0.62 0.69 0.75 0.50 0.74 0.75 0.78 0.78 
36.33 0.44 0.82 0.94 0.91 0.87 0.82 0.47 0.52 0.56 0.63 0.66 0.63 0.76 0.74 0.77 0.77 
37.33 0.64 0.53 0.82 0.73 0.77 0.70 0.44 0.61 0.67 0.70 0.69 0.56 0.63 0.72 0.78 0.76 
38.33 0.35 0.51 0.73 0.74 0.74 0.67 0.41 0.67 0.71 0.76 0.86 0.76 0.80 0.81 0.89 0.74 
39.33 0.51 0.40 0.86 0.83 0.82 0.77 0.57 0.58 0.58 0.62 0.69 0.73 0.77 0.78 0.82 0.75 
40.33 0.69 0.67 0.84 0.86 0.78 0.80 0.51 0.40 0.52 0.64 0.73 0.72 0.78 0.82 0.86 0.75 
41.33 0.73 0.65 0.81 0.81 0.72 0.71 0.57 0.41 0.44 0.45 0.55 0.91 0.91 0.95 0.98 0.76 
42.33 0.31 0.50 0.74 0.75 0.74 0.70 0.53 0.83 0.75 0.57 0.78 0.65 0.73 0.82 0.86 0.73 
43.33 0.33 0.48 0.82 0.83 0.72 0.76 0.54 0.68 0.67 0.55 0.74 0.85 0.81 0.86 0.91 0.75 
45.33 0.95 0.79 0.79 0.78 0.70 0.72 0.65 0.95 0.66 0.77 0.78 0.85 0.71 0.72 0.98 0.79 
46.33 0.46 0.75 0.85 0.88 0.76 0.83 0.68 0.68 0.67 0.73 0.88 0.75 0.80 0.79 0.82 0.81 
47.33 0.77 1.23 1.01 1.03 0.85 0.90 0.73 0.95 0.88 0.90 1.05 0.79 0.89 0.87 0.95 0.89 
48.33 1.39 1.18 1.00 1.04 0.94 0.96 0.85 1.11 1.00 0.95 1.13 1.01 0.99 0.98 1.12 0.98 
49.33 0.83 1.33 1.16 1.15 1.07 1.06 0.94 1.15 1.06 0.91 1.01 0.93 0.81 0.83 0.93 1.02 
50.33 0.90 1.40 1.25 1.20 1.07 1.08 0.89 1.04 0.99 0.72 0.88 0.96 0.95 0.93 1.01 1.04 
51.33 1.45 1.60 1.24 1.21 1.07 1.12 0.78 0.81 0.82 0.64 0.76 0.93 0.78 0.77 0.80 1.03 
52.33 0.77 1.43 1.19 1.19 1.07 1.14 0.66 0.72 0.77 0.65 0.88 0.83 0.75 0.73 0.77 1.00 
53.33 1.00 1.29 1.27 1.17 1.08 1.11 0.75 0.63 0.66 0.73 0.77 0.64 0.65 0.65 0.68 0.99 
54.33 0.83 1.25 1.26 1.19 1.17 1.12 0.75 0.70 0.77 0.45 0.49 0.65 0.49 0.48 0.47 0.95 
55.33 1.13 1.31 1.16 1.14 1.06 1.07 0.69 0.39 0.47 0.58 0.64 0.56 0.60 0.67 0.62 0.91 
56.33 1.09 1.06 1.15 1.09 1.02 0.99 0.59 0.84 0.92 0.93 0.95 0.93 0.98 0.91 1.02 0.92 
57.33 0.56 0.88 1.05 0.98 0.92 0.89 0.72 0.87 0.90 0.95 0.90 0.82 0.95 0.85 0.97 0.89 
58.33 0.66 0.82 1.03 0.95 0.90 0.88 0.49 0.68 0.73 0.88 0.87 0.77 0.86 0.80 0.92 0.82 
59.33 0.57 0.61 0.99 0.91 0.84 0.85 0.49 0.66 0.73 0.86 0.78 0.75 0.80 0.69 0.78 0.80 
60.33 0.50 0.68 0.98 0.93 0.86 0.85 0.42 0.57 0.60 0.67 0.60 0.65 0.68 0.59 0.57 0.75 
61.33 0.36 0.59 0.92 0.89 0.78 0.82 0.34 0.61 0.63 0.71 0.61 0.82 0.81 0.75 0.86 0.75 
62.33 0.32 0.35 0.57 0.62 0.64 0.56 0.22 0.73 0.72 0.62 0.54 0.84 0.65 0.63 0.69 0.69 
69.33 0.95 0.79 0.79 0.78 0.70 0.72 0.65 0.95 0.66 0.83 0.82 0.86 0.88 0.79 0.98 0.80 
70.33 0.58 0.78 0.86 0.90 0.83 0.85 0.44 0.95 0.88 0.89 0.89 0.96 0.99 0.89 0.98 0.82 
71.33 0.57 0.74 0.89 0.94 0.82 0.87 0.71 0.94 0.88 0.79 0.86 0.89 0.84 0.83 0.88 0.86 
72.33 0.86 1.03 1.11 1.06 0.96 1.04 1.10 0.83 0.83 0.67 0.73 0.55 0.81 0.71 0.70 0.94 
73.33 0.80 1.26 1.22 1.18 1.02 1.09 1.12 0.98 0.97 0.73 0.92 0.88 0.96 0.93 0.98 1.03 
74.33 0.63 1.26 1.28 1.21 1.06 1.14 1.16 0.99 0.99 0.85 0.78 0.89 0.97 0.94 1.00 1.05 
75.33 1.00 1.22 1.35 1.31 1.13 1.21 1.09 0.77 0.80 0.52 0.57 0.88 0.93 0.88 0.92 1.05 
77.33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
78.33 0.36 0.88 0.93 0.82 0.83 0.83 0.91 0.92 0.92 0.91 0.88 0.92 0.90 0.88 1.00 0.90 
79.33 0.70 0.69 0.91 0.74 0.79 0.79 0.81 0.82 0.78 0.78 0.77 0.80 0.78 0.75 0.80 
80.33 0.50 0.63 0.75 0.62 0.54 0.58 0.50 0.75 0.70 0.63 0.69 0.75 0.67 0.70 0.65 
81.33 0.34 0.55 0.69 0.55 0.41 0.52 0.38 0.64 0.56 0.52 0.57 0.68 0.61 0.63 0.62 0.54 
82.33 0.35 0.46 0.65 0.45 0.32 0.40 0.26 0.41 0.35 0.31 0.35 0.52 0.44 0.43 0.42 0.43 
83.33 0.35 0.37 0.54 0.35 0.23 0.35 0.21 0.26 0.36 0.26 0.31 0.48 0.47 0.43 0.41 0.37 





(hr) 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 age 
85.33 0.26 0.21 0.49 0.29 0.15 0.27 0.18 0.30 0.39 0.25 0.32 0.35 0.20 0.13 0.12 0.28 
86.33 0.27 0.21 0.49 0.29 0.14 0.26 0.18 0.27 0.37 0.22 0.30 0.47 0.39 0.32 0.34 0.28 
87.33 0.18 0.19 0.44 0.26 0.12 0.23 0.14 0.14 0.21 0.14 0.20 0.23 0.12 0.12 0.11 0.22 
88.33 0.10 0.16 0.42 0.22 0.10 0.21 0.12 0.12 0.23 0.11 0.16 0.19 0.07 0.07 0.06 0.19 
89.33 0.07 0.12 0.38 0.21 0.09 0.20 0.12 0.10 0.21 0.11 0.20 0.23 0.04 0.11 0.16 0.18 
90.33 0.06 0.09 0.33 0.19 0.07 0.17 0.10 0.04 0.14 0.02 0.14 0.21 0.24 0.14 0.19 0.16 
91.33 0.06 0.08 0.30 0.16 0.05 0.16 0.09 0.04 0.14 0.01 0.03 0.15 0.15 0.08 0.10 0.13 
92.33 0.08 0.07 0.26 0.15 0.04 0.15 0.07 0.05 0.17 0.03 0.04 0.13 0.16 0.07 0.06 0.12 
93.33 0.01 0.06 0.23 0.14 0.04 0.15 0.08 0.01 0.05 0.01 0.02 0.04 0.08 0.06 0.06 0.10 
94.33 0.04 0.04 0.19 0.13 0.03 0.12 0.07 0.00 0.02 0.01 0.03 0.03 0.11 0.06 0.08 0.09 
95.33 -0.02 0.03 0.16 0.11 0.02 0.11 0.05 -0.02 0.03 0.06 0.03 0.05 0.10 0.04 0.05 0.08 
96.33 -0.04 0.02 0.11 0.07 0.01 0.09 0.05 -0.02 0.03 0.02 0.03 0.06 0.05 0.06 0.05 0.06 
97.33 -0.01 0.03 0.12 0.09 0.01 0.10 0.05 0.00 0.06 0.05 0.04 0.01 0.01 0.02 0.01 0.06 
98.33 -0.01 0.03 0.11 0.09 0.02 0.10 0.05 0.03 0.14 0.07 0.08 0.01 0.01 0.03 0.01 0.06 
99.33 0.00 0.03 0.12 0.10 0.01 0.11 0.07 0.03 0.14 0.07 0.08 0.07 0.07 0.06 0.08 0.07 
100.33 0.02 0.03 0.12 0.09 0.01 0.11 0.07 0.00 0.08 0.07 0.08 0.07 0.04 0.04 0.03 0.07 
101.33 -0.01 0.03 0.11 0.09 0.01 0.11 0.05 0.00 0.08 0.06 0.07 0.05 0.06 0.05 0.06 0.06 
102.33 -0.08 0.01 0.06 0.04 0.01 0.08 0.04 -0.01 0.02 0.01 0.04 0.01 0.01 0.02 0.01 0.04 
103.33 0.01 0.01 0.06 0.05 0.00 0.08 0.05 -0.03 0.01 0.00 0.01 0.00 0.00 0.01 -0.01 0.03 
104.33 -0.01 0.00 0.05 0.04 -0.01 0.06 0.01 -0.03 0.01 0.00 0.00 -0.01 -0.01 0.01 -0.01 0.02 
105.33 0.00 0.00 0.02 0.02 -0.01 0.05 0.02 -0.04 0.00 -0.01 0.00 -0.01 -0.01 0.01 -0.02 0.02 
106.33 -0.02 0.00 0.02 0.02 -0.01 0.04 0.02 -0.04 -0.01 -0.01 0.00 -0.01 -0.02 0.00 -0.02 0.01 
119.33 -0.01 0.01 0.00 0.03 -0.01 0.03 0.01 -0.04 -0.01 0.00 0.00 -0.01 -0.02 0.00 -0.02 0.01 
120.33 0.01 0.01 0.01 0.03 -0.01 0.04 0.05 -0.04 -0.01 -0.01 0.00 -0.02 -0.02 0.00 -0.02 0.01 
121.33 0.01 0.02 0.01 0.04 -0.01 0.04 0.06 -0.04 -0.01 0.00 0.00 -0.01 -0.01 0.01 -0.02 0.02 
122.33 0.02 0.02 0.02 0.04 -0.01 0.05 0.06 -0.01 0.02 0.02 0.02 0.01 0.01 0.03 0.01 0.02 
123.33 0.01 0.02 0.02 0.05 -0.02 0.05 0.07 0.00 0.03 0.03 0.04 0.02 0.03 0.05 0.02 0.03 
124.33 0.01 0.02 0.02 0.04 -0.02 0.05 0.08 -0.01 0.03 0.02 0.04 0.02 0.02 0.04 0.02 0.03 
125.33 0.01 0.02 0.02 0.04 -0.01 0.05 0.07 -0.01 0.02 0.02 0.03 0.01 0.01 0.04 0.01 0.03 
126.33 0.00 0.02 0.02 0.03 0.00 0.04 0.05 -0.01 0.02 0.02 0.03 0.01 0.01 0.03 0.00 0.02 
127.33 0.00 0.02 0.00 0.02 -0.01 0.03 0.04 -0.02 0.01 0.01 0.02 0.00 0.00 0.03 0.00 0.02 
128.33 0.00 0.01 0.00 0.02 -0.01 0.03 0.04 -0.03 0.01 0.01 0.02 0.00 0.00 0.02 -0.01 0.01 
129.33 -0.02 0.00 0.00 0.00 -0.01 0.02 0.03 -0.02 0.00 0.00 0.01 0.00 0.00 0.02 -0.01 0.01 
133.33 -0.02 0.00 -0.01 -0.01 -0.01 0.01 0.02 -0.03 -0.01 -0.01 0.00 -0.01 -0.01 0.00 -0.02 0.00 
134.33 -0.02 0.00 -0.02 0.00 -0.01 0.01 0.02 -0.04 -0.01 -0.01 0.00 -0.02 -0.02 0.00 -0.02 -0.01 
141.33 -0.02 -0.01 -0.02 -0.01 -0.01 0.00 0.02 -0.04 -0.02 -0.01 -0.01 -0.02 -0.02 0.00 -0.03 -0.01 
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Chapter 3.4. Gravimetric water content in soil profile. 
Sample date: October 16, 2003, Field 5: Plot# 15 
Site # 
Depth (cm) 
5 15 25 35 45 55 65 75 85 95 105 115 Average 
1 0.26 0.25 0.26 0.26 0.25 0.23 0.22 0.24 0.28 0.20 0.20 0.18 0.24 
2 0.25 0.25 0.27 0.25 0.22 0.22 0.25 0.23 0.18 0.19 0.18 0.18 0.22 
3 0.25 0.23 0.25 0.24 0.24 0.22 0.22 0.22 0.22 0.21 0.18 0.18 0.22 
4 0.25 0.23 0.22 0.22 0.19 0.19 0.21 0.21 0.20 0.20 0.20 0.18 0.21 
5 0.23 0.22 0.22 0.22 0.20 0.22 0.23 0.22 0.23 0.21 0.19 0.22 
6 0.20 0.21 0.27 0.23 0.21 0.20 0.20 0.21 0.29 0.29 0.27 0.23 
7 0.24 0.22 0.21 0.21 0.20 0.19 0.21 0.21 0.20 0.19 0.19 0.21 
8 0.26 0.21 0.22 0.22 0.21 0.21 0.21 0.19 0.19 0.19 0.18 0.17 0.21 
9 0.21 0.20 0.21 0.20 0.20 0.20 0.21 0.22 0.22 0.22 0.21 
10 0.25 0.22 0.22 0.21 0.19 0.19 0.20 0.20 0.18 0.18 0.18 0.18 0.20 
11 0.24 0.21 0.21 0.20 0.19 0.21 0.19 0.18 0.18 0.18 0.17 0.18 0.20 
12 0.21 0.21 0.22 0.19 0.19 0.21 0.22 0.23 0.18 0.18 0.18 0.18 0.20 
13 0.26 0.21 0.26 0.20 0.20 0.22 0.22 0.21 0.19 0.20 0.22 
14 0.22 0.22 0.22 0.21 0.19 0.21 0.22 0.20 0.20 0.16 0.17 0.20 
15 0.24 0.19 0.23 0.21 0.20 0.20 0.22 0.20 0.18 0.16 0.17 0.20 
16 0.23 0.23 0.24 0.22 0.19 0.18 0.21 0.20 0.18 0.19 0.18 0.18 0.20 
17 0.24 0.23 0.26 0.24 0.22 0.19 0.21 0.21 0.20 0.19 0.18 0.22 
18 0.19 0.25 0.24 0.23 0.22 0.20 0.21 0.22 0.22 0.19 0.18 0.18 0.21 
19 0.22 0.22 0.24 0.23 0.21 0.19 0.21 0.24 0.23 0.23 0.21 0.19 0.22 
20 0.24 0.24 0.24 0.23 0.20 0.21 0.21 0.21 0.22 0.21 0.18 0.18 0.21 
21 0.19 0.24 0.25 0.23 0.21 0.20 0.22 0.21 0.20 0.19 0.18 0.13 0.20 
22 0.21 0.20 0.22 0.22 0.21 0.20 0.20 0.21 0.22 0.25 0.24 0.19 0.21 
23 0.22 0.22 0.23 0.21 0.20 0.19 0.19 0.19 0.19 0.19 0.19 0.18 0.20 
24 0.20 0.20 0.23 0.22 0.20 0.18 0.20 0.21 0.19 0.19 0.19 0.19 0.20 
25 0.23 0.21 0.23 0.22 0.21 0.20 0.22 0.21 0.18 0.18 0.17 0.20 
26 0.24 0.22 0.23 0.22 0.20 0.20 0.23 0.21 0.17 0.17 0.17 0.21 
27 0.23 0.21 0.23 0.22 0.20 0.19 0.20 0.21 0.19 0.19 0.19 0.21 
28 0.22 0.20 0.21 0.20 0.20 0.20 0.21 0.21 0.17 0.17 0.17 0.17 0.19 
29 0.24 0.23 0.22 0.21 0.19 0.21 0.17 0.17 0.19 0.21 0.20 
30 0.22 0.22 0.22 0.20 0.20 0.20 0.20 0.19 0.18 0.20 
31 0.24 0.20 0.24 0.26 0.22 0.21 0.20 0.21 0.21 0.20 0.18 0.17 0.21 
32 0.25 0.24 0.23 0.18 0.20 0.19 0.19 0.23 0.20 0.19 0.19 0.18 0.21 
33 0.22 0.21 0.24 0.23 0.22 0.21 0.19 0.21 0.22 0.21 0.19 0.19 0.21 
34 0.25 0.20 0.22 0.23 0.21 0.20 0.20 0.21 0.19 0.18 0.19 0.18 0.21 
35 0.23 0.23 0.24 0.22 0.21 0.20 0.21 0.21 0.19 0.18 0.17 0.17 0.21 
36 0.22 0.20 0.25 0.23 0.21 0.19 0.20 0.20 0.20 0.18 0.18 0.20 
37 0.24 0.20 0.24 0.22 0.21 0.19 0.20 0.23 0.20 0.18 0.19 0.17 0.20 
38 0.24 0.24 0.23 0.22 0.20 0.20 0.20 0.19 0.18 0.19 0.17 0.17 0.20 
39 0.21 0.20 0.24 0.22 0.15 0.19 0.20 0.19 0.18 0.17 0.17 0.17 0.19 
40 0.24 0.20 0.20 0.21 0.21 0.22 0.22 0.24 0.18 0.17 0.21 
41 0.18 0.24 0.18 0.20 0.21 0.23 0.22 0.19 0.18 0.20 
42 0.23 0.21 0.21 0.21 0.19 0.20 0.20 0.22 0.18 0.17 0.20 
43 0.26 0.19 0.22 0.21 0.20 0.18 0.18 0.17 0.19 0.19 0.19 0.19 0.20 
44 0.26 0.23 0.24 0.22 0.20 0.19 0.20 0.20 0.19 0.17 0.17 0.17 0.20 
45 0.22 0.21 0.22 0.21 0.20 0.19 0.20 0.18 0.18 0.18 0.17 0.18 0.20 
Average 0.23 0.22 0.23 0.22 0.20 0.20 0.21 0.21 0.20 0.19 0.19 0.18 0.21 
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Chapter 3.5. Relative chloride concentration in soil profile. 
Sample date: October 16, 2003, Field 5: Plot# 15, Initial Chloride: 75 mg/1, Final Chloride: 7028 mg/1 
Depth (cm) 
Site # 5 15 25 35 45 55 65 75 85 95 105 115 Average 
1 0.01 0.01 0.02 0.02 0.04 0.03 0.12 0.32 0.51 0.35 0.28 0.17 0.16 
2 0.11 0.10 0.04 0.17 0.55 0.75 0.71 0.51 0.20 0.15 0.18 0.21 0.31 
3 0.04 0.25 0.11 0.02 0.03 0.03 0.02 0.04 0.07 0.17 0.24 0.21 0.10 
4 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.15 0.61 0.64 0.76 0.57 0.24 
5 0.19 0.42 0.51 0.43 0.43 0.46 0.52 0.23 0.17 0.23 0.11 0.34 
6 0.09 0.47 0.19 0.32 0.50 0.52 0.38 0.09 0.04 0.03 0.09 0.25 
7 0.01 0.01 0.01 0.02 0.11 0.26 0.52 0.78 0.83 0.54 0.32 0.31 
8 0.04 0.68 0.62 0.31 0.44 0.44 0.10 0.32 0.24 0.24 0.22 0.18 0.32 
9 0.13 0.17 0.27 0.64 0.66 0.57 0.56 0.39 0.16 0.12 0.37 
10 0.03 0.02 0.03 0.06 0.23 0.66 0.92 0.96 0.80 0.67 0.69 0.66 0.48 
11 0.10 0.50 0.49 0.41 0.48 0.55 0.78 0.76 0.57 0.45 0.25 0.24 0.47 
12 0.04 0.14 0.17 0.45 0.73 0.54 0.12 0.31 0.41 0.44 0.29 0.21 0.32 
13 0.01 0.18 0.29 0.49 0.65 0.89 0.73 0.59 0.33 0.40 0.45 
14 0.06 0.41 0.54 0.29 0.10 0.39 0.51 0.54 0.37 0.35 0.23 0.35 
15 0.08 0.27 0.40 0.47 0.46 0.50 0.37 0.37 0.46 0.38 0.11 0.35 
16 0.02 0.02 0.02 0.02 0.03 0.02 0.22 0.31 0.32 0.32 0.15 0.12 0.13 
17 0.00 0.01 0.11 0.33 0.41 0.59 0.65 0.55 0.36 0.21 0.17 0.31 
18 0.01 0.00 0.05 0.44 0.75 0.78 0.60 0.56 0.33 0.25 0.20 0.22 0.35 
19 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.12 0.54 0.41 0.43 0.27 0.15 
20 0.00 0.00 0.00 0.02 0.13 0.29 0.58 0.55 0.23 0.12 0.12 0.25 0.26 
21 0.01 0.00 0.00 0.00 0.01 0.01 0.09 0.42 0.69 0.40 0.33 0.42 0.20 
22 0.00 0.00 0.00 0.01 0.00 0.01 0.13 0.49 0.68 0.31 0.29 0.27 0.18 
23 0.02 0.02 0.02 0.02 0.06 0.28 0.59 0.67 0.55 0.35 0.28 0.33 0.26 
24 0.13 0.09 0.26 0.55 0.58 0.59 0.60 0.85 0.73 0.58 0.45 0.32 0.48 
25 0.02 0.02 0.02 0.01 0.02 0.02 0.20 0.73 0.57 0.39 0.32 0.21 
26 0.01 0.03 0.05 0.06 0.09 0.62 0.82 0.63 0.26 0.16 0.14 0.26 
27 0.01 0.09 0.21 0.45 0.70 0.90 0.92 0.67 0.42 0.34 0.24 0.45 
28 0.01 0.02 0.01 0.02 0.02 0.04 0.38 0.41 0.19 0.13 0.13 0.11 0.12 
29 0.00 0.00 0.00 0.01 0.01 0.42 0.59 0.17 0.02 0.01 0.12 
30 0.01 0.03 0.18 0.42 0.64 0.78 0.56 0.30 0.53 0.38 
31 0.02 0.05 0.07 0.20 0.35 0.64 0.78 0.91 0.84 0.63 0.51 0.47 0.46 
32 0.00 0.01 0.95 0.61 0.91 0.78 0.62 0.29 0.04 0.04 0.05 0.03 0.36 
33 0.03 0.17 0.53 0.44 0.19 0.09 0.03 0.01 0.02 0.01 0.00 0.00 0.13 
34 0.03 0.11 0.22 0.33 0.62 0.76 0.88 0.70 0.29 0.19 0.20 0.39 
35 0.01 0.05 0.49 0.91 0.96 0.88 0.82 0.54 0.32 0.03 0.02 0.08 0.43 
36 0.04 0.25 0.53 0.63 0.46 0.23 0.09 0.12 0.14 0.02 0.01 0.23 
37 0.00 0.01 0.00 0.01 0.02 0.07 0.20 0.51 0.77 0.42 0.27 0.48 0.23 
38 0.01 0.01 0.01 0.02 0.11 0.44 0.68 0.65 0.34 0.18 0.19 0.18 0.23 
39 0.01 0.13 0.39 0.74 0.85 0.81 0.56 0.61 0.26 0.21 0.17 0.31 0.42 
40 0.03 0.01 0.01 0.01 0.06 0.07 0.27 0.39 0.59 0.61 0.20 
41 0.02 0.01 0.01 0.01 0.04 0.21 0.45 0.36 0.33 0.16 
42 0.02 0.02 0.02 0.02 0.08 0.36 0.72 0.78 0.34 0.30 0.26 
43 0.02 0.02 0.03 0.11 0.42 0.70 0.81 0.83 0.93 0.82 0.42 0.42 0.46 
44 0.02 0.02 0.02 0.02 0.02 0.02 0.06 0.54 0.72 0.43 0.45 0.54 0.24 
45 0.01 0.02 0.30 0.72 0.86 0.89 0.87 0.66 0.27 0.13 0.15 0.21 0.42 
Average 0.03 0.11 0.19 0.25 0.32 0.42 0.47 0.49 0.42 0.31 0.25 0.27 0.30 
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Chapter 3.6. Relative Atrazine concentration in soil profile. 
Sample date: October 16, 2003, Field 5: Plot# 15, Input Atrazine concentration: 1280 ug/1. 
Depth (cm) 
Site # 5 15 25 35 45 55 65 75 85 95 105 115 Average 
1 0.58 0.63 0.64 0.50 0.34 0.13 0.01 0.40 
2 0.23 0.52 0.10 0.28 
3 0.33 0.01 0.17 
4 0.69 0.90 0.38 0.30 0.56 
5 0.05 0.05 









9 0.16 0.01 0.09 
10 0.72 0.27 0.01 0.33 
11 0.12 0.12 
12 0.32 0.13 0.01 0.15 
13 0.58 0.03 0.30 
14 0.07 0.17 0.08 0.01 0.01 0.01 0.06 
15 0.28 0.19 0.17 0.02 0.00 0.00 0.11 
16 0.71 0.89 0.70 0.32 0.04 0.00 0.44 
17 0.44 0.07 0.26 
18 0.23 0.14 0.19 
19 0.75 0.88 0.25 0.07 0.02 0.39 
20 0.17 0.32 0.05 0.18 
21 0.40 0.35 0.46 0.28 0.37 0.35 0.09 0.33 
22 0.57 0.78 0.19 0.52 
23 0.61 0.61 0.05 0.01 0.01 0.01 0.01 0.02 0.17 
24 0.11 0.06 0.09 
25 0.66 0.83 0.62 0.34 0.11 0.01 0.43 
26 0.51 0.55 0.09 0.38 
27 0.40 0.06 0.04 0.01 0.13 
28 0.46 0.78 0.38 0.24 0.06 0.38 
29 0.26 0.43 0.60 0.09 0.00 0.00 0.00 0.20 
30 0.49 0.37 0.02 0.29 
31 0.53 0.41 0.05 0.08 0.03 0.01 0.18 
32 0.82 0.04 0.43 
33 0.59 0.03 0.31 
34 0.63 0.10 0.08 0.07 0.13 0.04 0.18 
35 0.38 0.38 
36 0.21 0.00 0.10 
37 0.65 0.70 0.35 0.02 0.34 
38 0.89 0.78 0.13 0.60 
39 0.36 0.06 0.21 
40 0.47 0.59 0.25 0.01 0.33 
41 0.42 0.48 0.42 0.33 0.09 0.01 0.01 0.02 0.22 
42 0.61 0.78 0.48 0.08 0.49 
43 0.65 0.19 0.00 0.01 0.21 
44 0.34 0.70 0.78 0.43 0.23 0.12 0.06 0.01 0.33 
45 0.71 0.46 0.01 0.01 0.02 0.01 0.01 0.01 0.16 
Average 0.45 0.40 0.25 0.18 0.12 0.07 0.07 0.02 0.02 0.01 0.01 0.01 0.28 
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Chapter 3.7. Convective dispersive equation (CDE) properties estimated by soil profile 
resident concentrations. 
Site# Peak Relative 
concentration 
Mass recovery Center of mass Pore velocity Dispersion 
coefficient 
R2 Dispersivity 
(%) (cm) V(cm/hr) D (cm2/hr) X (cm) 
1 0.51 38.78 86.26 0.49 0.52 0.97 1.06 
2 0.75 73.53 63.42 0.39 0.67 0.86 1.74 
3 0.25 23.67 69.94 0.69 2.77 0.08 4.05 
4 0.76 45.90 96.16 0.63 0.74 0.95 1.18 
5 0.52 68.46 48.21 0.29 4.93 0.78 16.90 
6 0.52 50.64 44.74 0.27 2.23 0.62 8.26 
7 0.83 45.98 78.74 0.50 0.57 0.99 1.13 
8 0.68 62.27 51.65 0.26 8 89 0.30 33 99 
9 0.66 65.38 50.29 0.34 1.50 0.93 4.42 
10 0.96 102.22 80.72 0.59 1.16 0.94 1.95 
11 0.78 111.10 60.86 0.47 6.19 0.63 13.30 
12 0.73 77.35 64.11 0.40 7.35 0.36 18.59 
13 0.89 98.50 57.64 0.42 1.70 0.93 4.06 
14 0.54 85.80 57.70 0.41 13.01 0.18 31.39 
15 0.50 83.62 56.34 0.37 5.30 0.73 14.39 
16 0.32 29.83 82.07 0.47 0.82 0.95 1.77 
17 0.65 75.56 64.22 0.40 1.37 . 0.98 3.40 
18 0.78 98.17 65.16 0.40 1.24 0.89 3.07 
19 0.54 38.84 94.76 0.54 0.62 0.91 1.17 
20 0.58 49.40 75.70 0.40 0.48 0.74 1.19 
21 0.69 47.74 91.47 0.52 0.60 0.89 1.15 
22 0.68 45.88 88.73 0.49 0.54 0.90 1.10 
23 0.67 58.00 80.45 0.48 1.08 0.90 2.25 
24 0.85 108.47 68.22 0.53 3.99 0.88 7.57 
25 0.73 43.32 81.99 0.48 0.51 0.89 1.06 
26 0.82 55.86 67.84 0.42 0.40 0.94 0.97 
27 0.92 88 86 61.93 0.44 1.11 0.97 2.53 
28 0.41 27.54 78.19 0.40 0.35 0.82 0.86 
29 0.59 21.13 62.81 0.36 0.32 0.80 0.88 
30 0.78 58.94 56.60 0.38 1.32 0.84 3.46 
31 0.91 131.17 76.47 0.55 1.59 0.98 2.86 
32 0.95 102.90 47.69 0.35 0.40 0.62 1.16 
33 0.53 37.48 33.14 0.18 0.31 0.98 1.72 
34 0.88 70.42 68.95 0.46 1.48 0.90 3.19 
35 0.96 79.61 53.25 0.39 0.47 0.99 1.20 
36 0.63 38.27 40.60 0.23 0.70 0.94 3.05 
37 0.77 32.44 88.94 0.52 0.91 0.81 1.74 
38 0.68 32.28 74.38 0.42 0.50 0.92 1.19 
39 0.85 56.15 59.08 0.39 1.54 0.87 3.89 
40 0.61 19.41 79.07 0.55 1.08 0.99 1.94 
41 0.45 13.67 68.40 0.40 0.56 0.96 1.39 
42 0.78 25.35 70.72 0.42 0.37 0.96 0.88 
43 0.93 48.11 77.16 0.55 1.12 0.97 2.04 
44 0.72 23.07 90.92 0.56 1.10 0.82 1.95 
45 0.89 45.88 59.41 0.40 0.68 0.95 1.67 
Average 0.70 58.60 68.34 0.44 1.89 0.83 4.86 
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Chapter 4.1. Convective lognormal transfer function (CLT) and CDE parameters estimated 
by surface TDR resident concentrations. 
Site # CLT parameters CDE properties 










1 0.06 6.45 0.70 1.00 3.66 0.17 0.06 1.00 0.32 
2 0.15 5.43 0.88 1.00 3.52 0.41 0.33 1.00 0.80 
3 0.05 6.17 1.20 1.00 3.18 0.32 0.46 1.00 1.43 
4 0.08 6.06 0.91 0.99 3.49 0.29 0.15 0.99 0.51 
5 0.21 5.03 0.92 0.99 3.48 0.58 0.46 0.99 0.81 
6 0.05 6.22 1.14 0.98 3.25 0.28 0.26 0.98 0.92 
7 0.11 5.82 0.73 0.99 3.64 0.33 0.15 0.99 0.44 
8 0.07 6.38 0.56 0.99 3.74 0.19 0.10 0.99 0.49 
9 0.04 6.99 0.71 0.99 3.65 0.21 0.14 0.99 0.66 
10 0.05 6.67 0.74 0.99 3.63 0.21 0.14 0.88 0.66 
11 0.08 5.78 1.09 1.00 3.31 0.31 0.43 1.00 1.39 
12 0.10 5.76 0.94 1.00 3.46 0.38 0.38 1.00 1.00 
13 0.06 6.48 0.78 0.99 3.60 0.18 0.09 0.99 0.53 
14 0.04 6.51 1.03 0.99 3.37 0.40 0.60 0.99 1.49 
15 0.07 5.93 1.18 0.99 3.21 0.32 0.49 0.99 1.54 
16 0.10 5.96 0.73 1.00 3.64 0.30 0.12 1.00 0.40 
17 0.06 6.21 0.99 1.00 3.41 0.41 0.67 1.00 1.66 
18 0.08 5.73 1.19 0.99 3.19 0.43 0.98 0.99 2.29 
19 0.11 5.99 0.57 0.99 3.74 0.26 0.04 0.99 0.14 
20 0.10 5.73 0.99 0.99 3.41 0.37 0.31 0.99 0.82 
21 0.12 5.28 1.19 1.00 3.19 0.64 1.30 1.00 2.03 
22 0.12 5.89 0.57 0.99 3.74 0.30 0.06 0.99 0.19 
23 0.05 6.26 1.16 0.93 3.23 0.27 0.43 0.93 1.58 
24 0.11 5.65 0.94 0.96 3.46 0.37 0.33 0.96 0.87 
25 0.09 5.61 1.18 0.99 3.20 0.55 1.02 0.98 1.85 
26 0.08 5.67 1.21 0.96 3.17 0.51 1.39 0.98 2.73 
27 0.06 6.28 1.00 0.91 3.40 0.36 1.82 0.92 5.07 
28 0.09 5.97 0.77 0.99 3.61 0.29 0.12 0.99 0.39 
29 0.08 6.01 0.88 0.99 3.52 0.33 0.35 0.99 1.08 
30 0.09 5.82 1.02 0.98 3.38 0.36 0.39 0.98 1.08 
31 0.06 6.15 1.08 0.97 3.32 0.28 0.24 0.97 0.84 
32 0.05 6.35 0.96 0.99 3.44 0.22 0.13 0.99 0.59 
33 0.03 6.87 0.99 0.98 3.41 0.14 0 11 0.99 0.75 
34 0.05 6.09 1.24 0.99 3.13 0.35 0.63 0.99 1.79 
35 0.15 5.44 0.88 0.99 3.51 0.51 0.48 0.99 0.94 
36 0.05 6.08 1.28 0.99 3.08 0.38 0.73 0.98 1.95 
37 0.08 5.88 1.02 0.97 3.38 0.36 0.31 0.96 0.84 
38 0.10 5.97 0.72 0.98 3.64 0.29 0.13 0.98 0.44 
39 0.06 6.13 1.05 0.97 3.36 0.31 0.35 0.97 1.14 
40 0.08 6.07 0.86 0.98 3.53 0.29 0.16 0.98 0.55 
41 0.07 6.04 0.97 0.98 3.43 0.30 0.26 0.98 0.85 
42 0.04 6.64 0.89 0.96 3.51 0.21 0.12 0.96 0.60 
43 0.09 5.83 0.94 0.96 3.46 0.36 0.38 0.95 1.03 
44 0.09 5.91 0.86 0.96 3.53 0.33 0.23 0.96 0.71 
45 0.11 5.78 0.82 0.93 3.57 0.38 0.29 0.93 0.77 
Average 0.08 6.02 0.94 0.98 3.44 0.33 0.40 0.98 1.09 
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Table 4.2. Atrazine concentration in tile water. 
(input Atrazine concentration = 1280 p.g 1"') 
Drainage Relative atrazine Drainage Relative atrazine 
(cm) concentration (cm) Concentration 
3.96 0.0002 16.71 0.0012 
4.52 0.0002 18.25 0.0013 
5.06 0.0001 18.44 0.0013 
5.33 0.0002 18.64 0.0013 
5.61 0.0001 18.84 0.0014 
5.88 0.0002 19.13 0.0014 
6.16 0.0002 19.33 0.0014 
6.44 0.0005 19.51 0.0014 
6.72 0.0007 19.69 0.0014 
7.01 0.0006 19.86 0.0014 
7.34 0.0005 20.03 0.0014 
7.67 0.0005 20.20 0.0012 
7.97 0.0005 20.37 0.0011 
8.26 0.0004 20.55 0.0013 
8.54 0.0005 21.09 0.0015 
8.81 0.0005 21.28 0.0016 
9.10 0.0005 21.45 0.0015 
9.38 0.0006 21.61 0.0015 
9.66 0.0006 21.74 0.0015 
9.94 0.0007 21.85 0.0015 
10.37 0.0009 21.95 0.0016 
10.66 0.0010 22.04 0.0016 
10.93 0.0011 22.11 0.0016 
11.21 0.0010 22.18 0.0015 
11.47 0.0009 22.24 0.0015 
11.73 0.0009 22.29 0.0015 
12.00 0.0009 22.35 0.0015 
12.26 0.0009 22.39 0.0013 
12.52 0.0009 22.43 0.0016 
12.80 0.0010 22.46 0.0016 
13.08 0.0010 22.50 0.0015 
13.36 0.0010 22.53 0.0014 
13.64 0.0010 22.56 0.0014 
13.92 0.0010 22.59 0.0014 
14.20 0.0011 22.61 0.0013 
14.49 0.0010 22.63 0.0013 
14.75 0.0011 22.65 0.0012 
15.00 0.0011 22.70 0.0015 
15.26 0.0011 22.73 0.0015 
15.51 0.0011 22.73 0.0014 
15.76 0.0011 22.75 0.0013 
16.00 0.0012 22.75 0.0013 
16.24 0.0012 22.77 0.0015 
16.47 0.0011 22.78 0.0014 
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Table 4.3. Water table below surface level (cm) 
Reference (X,Y) coordinates: (1,1) for probe# 1 location. 
Peizometers X m Y m Date 
10/7/02 10/8/02 10/9/02 10/10/02 10/11/02 10/11/02 10/14/02 10/16/02 
PI 0.25 -0.6 57.8 56.8 58.8 58.8 58.8 56.8 56.8 56.8 
P2 0.3 5.25 62.5 60.5 51.0 50.5 63.5 76.5 65.5 89.5 
P3 0.4 10.73 78.4 73.4 88.4 88.4 89.4 98.4 94.4 109.4 
P4 9.7 -0.4 65.0 70.0 70.0 70.0 72.0 84.0 85.0 86.0 
P5 9.9 5.25 59.5 58.5 68.5 68.5 69.5 98.5 79.5 88.5 
P6 9.711.02 87.5 85.5 92.5 92.5 96.5 101.5 98.5 113.5 
Sump 5.0 -5.05 0 0 0 0 0 0 0 0 
Tileup 7.0 10.13 0 0 0 0 0 0 0 0 
